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This report documents the copper-catalyzed chemical kinetics of 
triphenylboron, diphenylborinic acid and phenylboric ac.id (3PB, 2PB and 
PBA) in aqueous alkaline solution contained in carbon-steel vessels 
between 40 and 70 OC. The following summarizes the results. 

Kinetic expressions developed fromathis study for 3PB solutions 
with only added copper yield lower decomposition rates than rates 
observed in recent (i-e., October of 1995 to present) Tank 48H 
measurements. 

Kinetic expressions developed from this study for both 2PB and PBA 
solutions with only added copper indicate decomposition rates of 
the same order of magnitude as those observed from the Tank 48H 
measurements. 

The relative rate of decomposition increases 
3PB < PBA < 2PB. 

Tests a! 40 "C containing the highest Cu (10 
showed the following ranges of decomposition 
of testing: 3PB (25 to 75%), 2PB (100%) and 

in the order of 

mg/L added CuS04-5H20) 
over 400 to 500 hours 
PBA (50 to 100%). 

All three intermediates are relatively stable (S  5% decomposition) 
over -500 hours when-contained in air-sealed carbon-steel vessels 
at ambient temperature (23-25 O C )  with no added copper present. 

The rate of decomposition increased significantly with increasing 
temperature, decreasing the t h e  for complete decomposition of the 
intermediates from over 500 hours at 40 OC toi2etween 50 and 3 0 8 .  
hours at 70 O C  with otherwise identical conditions. 

The dependence pf decomposition for the various intermediates on 
amount of added copper increases in the order of 3PB < 2PB < PBA. 

Lhkted experiments to explore tihe role of oxygen in PBA 
decomposition suggest an important role for oxygen in this reaction 
sequence. However, additional testing is required to fully 
elucidate this dependence. 

These f inkngs prompt the following recommendations. 

Researchers should pursue additional studies to examine the 
decomposition rate of triphenylboron under a broader set of - 

catalytic environments .including the presence of other suspected 
catalysts with varying oxygen content. 

Parallel tests, in progress, examine the role of oxygen in the 
copper-catalyzed decomposition of phenylboric acid. 
the results from those tests, additional tests may prove useful in 
elucidating the kinetics. . 

Depending on 

-. 



3 WSRC-TR-97-0045, R e v .  0 

INTRODUCTION 

The In-Tank Precipitation (ITP) process started operation in Tank 48H by 
addition of 37,300 gallons of NaTPB solution to Tank 48H in September of 
1'995 
decomposition and resulting benzene generation approximately 2-3 months after 

Sodium tetraphenylborate 
exhibits known instability resulting in decomposition in 'the presence o€ 
coppera3 
susceptible to decomposition, with the rate strongly influenced by 
temperature. 
include a.progression from the tetraphenylborate (TPB') through triphenylboron 
(3PB or (C~HSJ~B), diphenylborinic acid (2PB or (CgHg)2BOH) and phenylboric 
acid (PBA or CgHgB(OH)2), ultimately leading to the stable products of phenol, 
benzene and boric acid.l 
fundamental understanding of each individual reaction step for the 
intermediates produced from TPB- decomposition. Therefore, it is necessary to 
determine the reactivity of each 3PB, 2PB and PBA component in copper- 
containing alkaline solution. 
copper solutions of the parent TPB- was performed in a separate study by M. J. 
Barnes. 6 

The ITP process encountered high rates of sodium tetraphenylborate 

' additions of the tetraphenylborate reagent. 1-2 

Recent work indicates excess sodium tetraphenylborate in Tank 48H is 

Postulated mechanisms for the decomposition of soluble TPB- 

Modeling the overall decomposition requires a 

Similar testing involving aqueous alkaline 

This report describes kinetic investigations to determine reaction rates and 
decomposition products of 3PB, 2PB and PBA in aqueous alkaline solution in the 
presence of soluble copper ion between 40 and 70 OC. 
summary of known literature accounts, prepared in part by Dr. R. Bmce King of 
the University of Georgia, describing the chemistry of these three 
intermediates with OH', H20 (i-e., hydrolysis) and-potential metal catalysts. 
This study uses a statistically designed matrix (see Appendix B) .7 
kinetic tests investigated the influence of four test parameters (i.e., 
-temperature, organic reagent, hydroxide and copper) towards overall reactivity 
using a test set of ten experiments for each organic reagent. 
expressions derived from the initial decay slopes of the concentration versus 
time plots for each organic component provide relative decomposition 
comparisons for the three organic components under identical reaction 
conditions. .Results of this study are discussed below. 
the experimental methods. 

Appendix A provides a 

' 

These 

Rate 

Appendix C details 

Decomgo~ition Reactions for oxidation and EIydrolysis 

The three organic species in aqueous alkaline solution likely exist in 
equilibrium with their corresponding tetracoordinate anionic species (see 
discussion of Preliminary Literature Search by Dr. R.-Bruce King in Appendix 
A) .  For demonstration purposes, this section shall focus on the relevant 
reactions for the decomposition of 3PB. 
reaction pathways for all three intermediate species. 
equilibrium reaction for 3PB by: 

However, one may postulate identical 
One may represent the 

3PB + OH' <=> [(CgHg)3B(OH)]' (1) 

In the presence of copper, overall stoichiometric reactions of the three 
,coordinate neutral species (3PB) to produce phenol (requiring oxidation) and' 
benzene (requiring hydrolysis) become: 
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In Equations 2 and 3, Cun* represents soluble copper of unknown oxidation' 
state. Identical reaction pathways can be postulated for the four coordinate 
anions (i.e., the parallel of reactions for the product speciesin Equation 
l), and should also be considered when evaluating likely reaction sequences. 
This discussion omits these parallel pathways of the reaction for brevity. 

Barnes recently. discussed various decomposition reactions involving different 
forms and oxidation states of soluble copper with tetraphenylborate anion in 
alkaline solution (see reactions #2-7 of Ref. #6). An extension of these. 
considerations also applies for copper-catalyzed reactions of the various 
intermediates discusskd above. 
the organic by the tetrahydroxy copper(1I) anion. 
one writes this reaction as follows. . 

Generally the reactions involve oxidation of 
Using 3PB as an example, 

3PB i- 2CU(OH)42' --> 2Cu(OH)2' + (CgHS)2BOH + C6H50' + OH' + H20 . ( 4 )  

The &hydroxy copper(1) anion formed in reaction 4 can oxidize in the presence 
of oxygen. 

4Cu(OH)2' + 40H' + 2H20 + 02 --> 4C~(0H)4~' ( 5 )  ' 

In a second pathway, again using 3PB as an example, the reduced form of Cu 
functions as a catalyst to promote 'dephenylation' of the organic 
intermediates. 

Note that this,discussion does not address free radical chemistry. 
reaction pathways can be postulated based on free radical chemistry, However, 
identification of such pathways is beyond the scope of this report and will be 
addressed in future work. 

Other ' 

RESULTS 2WD DISCUSSION 

Ten experbents were performed within a statistically designed matrix (see 
Appendix B) for each of the organic components. 
samples containing nominal amounts of organic, 1.5 M OH' and no added copper 
were held at ambient temperature (23-25 OC) for the duration of each set of 
experiments. 
designed matrix, serve to indicate the ambient temperature stability of the 
various organic components in air-sealed alkaline aqueous solution. 
Appendices I) through E' contain analytical data for tests involving 3PB, 2PB, 
and PBA, respectively. All data shown in Appendices D-F are for air-sealed 
systems. 
different organic component test series (see Table 8-1 of 
Appendix B) . 
One set of additional tests was also performed for the PBA component. These 
additional PBA tests, identified as PBA Series 82, investigated the effects of 
nitrogen-purges on the decomposition of PRA. Appendix G provides data for the 

Two additional control 

These two control samples, not part of the statistically 

The same vessel nunibering sequence was used for each of the 
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Series #2 PBA tests. 
expressions developed for each intermediate. 
3PB, 2PB and PBA are then compared. Finally, the kinetic expressions 
developed in the present tests are compared to recent kinetic fitting of Tank 
48H data. 

Discussion of the results will first address the rate 
The relative reactivities of 

R a t e  E3cpressions 

Inspection of the experimental data (see Appendices D through F) indicates 
that significant~decornposition of these species occbrs under the present test 
conditions. As further explained in Appendix B, these tests investigate the 
role of temperature, copper concentration and hydroxide ion concentration op 
the rate of decomposition of these species. 
equation expresses the dependence of the reaction on these parameters. 

Typically, a kinetic rate' 
These 

' expressions usually assume the form: 
\ 

with: 

where: [x,] = the concentration of the species of interest , 

[eUn+] = the concentration of copper (Note: Gun+ = soluble 

[OH'] = the hydroxide ion concentration 

a,b,c = order of reaction for each respective component 
k = rate constant 
A = pre-exponential factor 
Ea = activation energy 
R = gas constant (8.314 JK-lmole-l) 
T = temperature (R) 

copper of unknown oxidation state) 

d - 

Using the data in Appendices D through F, the authors estimated the reaction 
rate constants. The authors assume these degradation reactions to vary 
linearly with the concentration of the organic species. Therefore, holding 
the copper concentration, hydroxide concentration and temperature constant 
throughout an experiment, one integrates Equation 8 to produce: 

One may evaluate this expression with respect to the experimental data to 
obtain estimates of the rate expression parameters. 
performed for each of the reactive systems to produce rate expressions. 
Appendix H contains the experimental data employed in this evaluation and the 
estimated values and error functions for these fits. 
discusses each of these expressions in turn. In performing these analyses, the 
order of reaction for all of the individual organic components was assumed 
equal to one. 
expressions tha t  could'be derived f r o m  the proposed reaction sequences. 

This evaluation was 

The following text 

This assmption proves consistent with most of the rate 
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- 
3PB Decomgosition 

Analyses of the experimental data for the decomposition of 3PB indicated that: 
hydroxide does not play a statistically significant role in the degradation 
reaction. However, the decomposition reaction showed an approximate 1 / 3  order 
dependence on total copper concentration. 
expression for the best fit of the experimental data. 

' 

Equation 11 represents the rate 

45200 - 
= -1 .7x1Ol2 * e #r [ Cun']0l[3PB] d[3PB] 

dt 
Note: This and all subsequent rate expression use concentrations in molar 
units. 

Equation 11 also indicates an activation energy for this reaction of 
82,.200 J/mole. Note that a significant level of uncertainty-(at least 20%) 
exists in both the activation energy and the reaction copper order. 
this analysis suggests a reaction copper order significantly different from 
unity. An integer copper order implies that only a single reaction provides 
the rate limiting step in the reaction pathway. 
unity suggests a combination of the proposed reactions provides a more likely 
pathway for this decomposition. However, this analysis uses a basis of the 
total concentration of copper added to the system8 flat the measured soluble 
copper concentration. Therefore, the conclusion regarding the dependence on 
copper-concentration order may change when considering only soluble copper as 
a catalyst. 

However, 

The observed deviation from 

Inspection of Equations 4 through 7 indicate hydroxide appears as a reactant 
only in Equation 5. 
decomposition rate suggests the reaction in Equation 5 either does not play a 
significant role in the decomposition of 3PB or haFpens quickly and-chus does 
not govern the overall reaction rate. 

The lack of hydroxide dependence for the 3PB 

Results in Appendix I) show that 2PB and PBA concentrations are below or only 
slightly above the detection limits in the reaction mixture during 
decomposition of 3PB. 
intermediates procedes significantly faster than the copper catalyzed 
decomposition of the 3PB. 

This result suggests that the decomposition of these 

Further inspection of Appendix I) shows, for all reactions when significant 
decomposition of 3PB was observed, measurable quantities of both phenol and 
benzene formed. Only with large quantities of 3PB introduced under highly. 
reactive conditions (%.e., 70 "C) did the reaction system produce more benzene 
produced than phenol. 
depletion of the oxygen concentration in the solution by the rapid formation 
of phenol, thereby shifting the reaction products to benzene. Cast in terms 
of Equations 4 through 7, this result: suggests that all of the reaction 
pathways may'play a significant role in the degradation of 3PB. However, one 
requires additional tests to illuminate the impact of each individual pathway. 
Furthermore, any conclusions drawn from the product split becomes obscured by 
the role of the other intermediates formed upon the decomposition of 3PB. 

2PB Decomgooition 

Similar to 3PB, the decomposition of 2PB does not depend significantly on the 
hydroxide concentration. Analysis of the data shows the 2PB decomposition 

This result suggests, under these conditions, possible 
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depends on copper to\the approximately 1/2 order. Equation 12 represents the 
rate expression for the best fit of the experimental data. 

-82,100 - 
=-9.4x1Ol3 * e  #r [Cun+]05[2PB] d[2PBA] 

dt 
(12) 

As indicated'in Equation 12, the analysis provides an activation energy for 
this reaction of approximately 82,100 J/mole. Similar uncertainty (20 %) 
exists in the activation energy and copper order for this reaction. This 

hydroxide dependence as noted for the 3PB decomposition xeaction. These 
results suggest a combination of the proposed reaction steps involved in 
governing this decomposition reaction. 

,leads to similar conclusions drawn from the observed copper order and lack of 

Some additional insight can be drawn from the analysis of the reaction 
products. Inspection of Appendix E shows that 2PB decomposition tends to 
produce proportionally more benzene than phenol compared to the 3PB 
decomposition data shown in Appendix D. 
product only when using higher hydroxide concentrations and low initial 2PB 
concentrations. 
5 predominates at high hydroxide concentrations in the presence of soluble 
oxygen, but that the pathway expressed by Equations 6 and 7 may predominate 
outside these conditions. 

Phenol was found as the primary 

This result suggests the reaction pathway of Equations 4 and 

Note the measurable quantities of PBA found during many of these 2PB copper 
catalyzed decomposition experiments. This result suggests that, with copper 
as the only catalyst present, the PBA decomposes at a rate of a similar order 
of magnitude as 2PB, in contrast to the significantly slower rate for 3PB. 

- PBA Decmosition - 
The decomposition of PBA differs significantly from the decomposition of 2PB 
and 3PB. 
expeximental data. 

Equation 13 represents the rate equation for the best fit of the 

-107.OOo 

d[PBA] = -9.4~10'~ * e  [ C P r [ O K r [ P B A ]  (13 1 
dt 

Comparison of Equation 13 with Equations 11 and 12 shows the differences. In 
particular, note the presence of a hydroxide dependence in Equation 13 and the 
near unity copper order €or this rate expression. Considered in context of 
the proposed reaction pathways, this analysis suggests PBA most likely 
decomposes by the pathway represented by Equations 4 and 5. In addition, 
inspection of the data in Appendix F shows phenol as the primary product in 
a l l  but one of the systems experiencing extensive reaction. 

Researchers repeated the first four vessel tests at 40 OC o€'the.initial air- 
sealed PBA series (see V#1-4' in Appendix F) in the second PBA series with 
nitrogen inerting of the -60 mL vapor space above the solutioris immediately 
before sealing the samples (see Series 82, V#1-4-N2 in Appendix G ) .  
vapor-space inerted tests did not rigorously exclude oxygen since the 
researchers made no effort to dessicate the solutions and introduced - 5 cc of 
air into the samples with each analysis step. In the presence of low 0.1 mg/L 
total added copper, very little decomposition occurred for either the air- 
sealed (V#1,#4) or the nitrogen-inerted (VIl-NZ, V#4-N2) tests. In the 

' i  

These 
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presence of high 10 mg/L total added copper, inerting the vapor space had the 
apparent effect of both slowing the overall rate of PBA decomposition and 
changing the final product distribution from predominately phenol (air-sealed) 
to benzene (nitrogen-inerted). 
that inerting shifts the dominant reaction pathway from Equations 4-5 to 
Equations 6-7. 
oxygen (both as dissolved oxygen and as oxygen present in air sealed above the 
reaction mixture), future tests should consider additional measures of oxygen 
removal involving solution inerting and replacement of air (contained in the 
sampling syringe) with nitrogen during sample analysis. Note that parallel 
testing currently underway to explore this role of oxygen in PBA decomposition 
appears to support this conclusion. 

Comparison of Intermediate Rate Expressions 

One interpretation of these results suggests 

If Since PBA decomposition accelerates in the presence of 

The' decomposition rates of the various'intemediates increase in the order of 
3PB < PBA < 2PB. The order of dependence on total copper increases in the 
order of 3PB 2PB < PBA. The copper order for the sucessive reactions 
overlap at the 95 % confidence interval, however a significant difference 
exists between the copper orders for 3PB and PBA. These anaxyses also 
indicate the activation energies for these systems fall between 82 and 107 
kJ/mole and increase in the order of 3PB = 2PB < PBA. Given the similarities 
in the activation energies and copper dependence for 2PB and 3PB, one might 
conclude that these reactions occur through similar pathways. However, one 
requires further testing to verify this assumption with any signifcant level 
of certainty. 

Researchers found no statistically significant dependencies on the hydroxide 
concentration over the range of 015 - 2.5 M OH' in these tests for 2PB and 
3PB. However, a fractional positive order dependence for PBA was'found. This. 
dependence may reflect either.an increase in solubility of copper as a 
function of hydroxide concentration (see for exam- Ref. #1 and #6-)-or it may 
reflect hydroxide ion playinga role in the reaction kinetics. . 
solution analyses for soluble copper continuye for the present study (see 
Appendix C ) .  
proposed influence of copper solubility on the fractional positive order 
dependence for PBA decomposition. However, at this the, on may not ' 

differentiate between homogeneous and heterogeneous catalysis of.these 
reactions by copper. Furthermore, some inconsistencies exist within the data 
set with respect to the dependence on hydroxide. Therefore, while the 
reported rate expression contains a hydroxide term, the role of hydroxide in 
this reactive system remains uncertain. 

Final test 

These measured solale copper values may further clarify the 

C w a r i o o n  of Pxesent Study Kinetics.to Tadk 48H Data 

One may use expressions shown above to calculate rate'constants for 
decomposition of the organic components under specific solution conditions. 
Table k shows the calculated rate constants for decomposition of each organic 
species at 25 "C. 
Note the partial order of this rate constant due to the non-integer dependence 
on copper concentration; as shown in Table 1 with units of M - b r - 1 .  

These rate constants represent the value k in Equation 8. 
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TABLE 1. Comparison of Copper-Catalyzed Rate Constants for Organics 
Decontgosition to PVT-1 and TK-48E Kinetic Fits 

Organic 

Calculated Batch #I 
Calculated Apparent- PVT-1 Tank* Tank 488 

Rate First Order 488 Measured Heasured 

(k) (k' 1 Rate Constant Constant' 
Constant Rate Constant First Order Rate 

M-%r-l hr-l hr'l , hr-l 
Component (25OC) ( 2J°C) (25OC) (25OC) 

3 PB I 3.923-03 1.57E-04 1.723-03 4.50E-04 

2 PB 2.49E-01 3.41E-03 

PBA 1.648 2 - 00E-4 
1.15E-04 

1.14E-04 

2.80E-03 

2.50E-04 

* These rate constants represent interim results of a continuing global effort 
to determine the rate expressions for the reactions. 
anticipate further work will provide additional resolution to these values 
and, as such, did not pursue a complete technical review o€ these values. 

The authors 

Casting these rate constants as apparent first-order rate constants based on 
fixed copper concentration aids the comparison. 

k' = k*[Cu ' ni,b 
(141 

Table 1 presents these apparent rate constants. The calculated rate constants' 
assume a copper concentration of 1.4 mg/L (or 2.2 E-5M) and hydroxide 
concentration of 2.5 M. These concentrations reprFsent those measur-ed in Tank 
48H during the Fall of 1995.1° More recent.analyses. of the soluble copper and 
hydroxide concentration in Tank 48H show lower concentrations (copper = 0*.3 
mg/L and hydroxide f: 1.3 MI.. Table 1 includes two attempts to estimate first 
order rate constants based on available Tank 48H data. 
uses PBA measurements taken from Tank 48H from November of 1995 through May of 
1996.l 
this analysis. 
liquid chromatography (HPLC) methods to quantitatively measure all three 
species (3PB, 2PB and PBA) in Tank.48H.11 Process Verification Testing Phase 1 
(PVT-1) included several measurements of these concentrations. Analysis -of 
these data produce estimates of the apparent first-order rate constants for 
each species as presented in the third column of numerical values of Table 1. . 

The initial estimate 

The last column shows estimates of first-order rate constants from 
More recently, researchers developed analytical high pressure 

Reasonable agreement exists between the calculated apparent first-order rate 
constants for 2PB and PBA from this study and the Batch #l estimates. 
Reasonable agreement also exists for PBA between the rate constant calculated 
from this study and that observed during PVT-1. However, a significant 
difference exists for 2PB between the rate constants from this work and 
observed during PVT-1. 
copper concentration in Tanlc 488. 
constant €or the degradation of 3PB in Tank 48H higher than from the present 
study. This result suggests that perhaps some species other than copper may 
result in the degradation of 3PB. Alternatively, the effect of oxqigen as an 

* 

This diEference may result from the decrease in the 
In contrast, one estimates the rate 
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inhibitor towards copper-catalyzed 
discrepancy. 

CONCUJSXONS 

3PB decomposition may result in this- 

Researchers studied the copper-catalyzed c h d c a l  kinetics o f  
triphenylboron, diphenylborinic acid and phenylboric acid (3PB, 2PB and 
PBA) in aqueous alkaline solution contained in carbon-steel vessels 
between 40 and 70 ' C .  The results show the stability of all three 
intermediates in alkaline solution (pH'2 13) when kept at ambient 
temperature in the absence of copper. At 40 OC and total added copper 
of 10 mg/L, approximately 25 to 7.5% of 3PB decomposed, -100% of 2PB ' 

decomposed and approximately 50 to 100% of PBA decomposed within 500 
hours. 
added copper of 10 mg/L within 300 hours. 

All three species completely decomposed at 70 OC with total 

Kinetic expressions developed from the present study with added copper 
indicate lower decomposition rates than observed in recent (i.e., 
October of 1995 to present) Tank 48H measurements for 3PB. 
kinetic comparisons indicate 2PB and PBA decomposition rates found in 
the present study of almost the same order of magnitude as observed from 
the Tank 48H measurements. The relative rate of decomposition increases 
in the order of 3PB < PBA c 2PB. 
amount of added copper increases in the order of 
3PB c 2PB PBA. 

Similar 

The dependence of decomposition on 

Preliminary examination of the reaction pathways suggest .that the copper 
catalyzed degradation of 3PB and 2PB'occur through similarly rate 
limiting steps. However, thes.e analysis suggest that the oxidation of 
copper may play a more significant role in governing the rate of 
decomposition of PBA in the presence of oxygen. - 

Nitrogen-purging of the vapor-space above PBA sampyes reduces overan 
rates of PBA decomposition and changes the product yield froh 
predominately phenol (air-sealed) to benzene (nPtrogen-purged). 

Either phenol or benzene occurs as the.predodnant final organic product 
obtained in present decomposition studies of 3PB and 2PB, depending on 
specific reaction conditions. Phenol exists as the predominant final ' 
organic product obtained in the copper-catalyzed decomposition of PBA.' 

Rutther Work 

Additional work will investigate the effect of other potential catalysts 
on the decomposition of 3PB, 2PB and PBA. 
some of the present tests with additional additives such as solid sludge 
components containing noble metals, monosodium titanate solids, and 
other soluble metal ions. Researchers will select these additives from 
a group of possible catalysts previously identified in tetraphenylborate 
decomposition studies. l3 l4 These future tests should indicate if other 
catalytic species, in addition to copper, s'ignificantly contribute to 
destruction of 3PB, 2PB and PBA. Also, repetition of selected tests in 
this study for 3PB, 2PB and PBA using more stringent means of oxygen 
removal and prevention of air exposure during sampling, would study 
copper-catalyzed decomposition of the intermediates under inerted 
conditions more applicable to waste tank conditions of - 5 vol % air. 

These stu*es will repeat 
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The experimental methods andresults were recorded in laboratory notebook 
WSRC-NB-95-308. The task plan and quality assurance plans are: 

C. L. Crawford, "Task Techriical Plan €or Decomposition Studies of 
Triphenylboron, Diphenylborinic Acid and Phenylboric Acid in Aqueous Alkaline 
Solutions Containing Copper (U)", WSRC-Re-96-568, Rev. 0 ,  November's, 1996. 

C. L. Crawford, "Task Quality Assurance Plan for Decomposition Studies 'of 
Triphenylboron, Diphenylborinic Acid and Phenylboric Acid in Aqueous Alkaline 
Solutions Containing Copper (U) " , WSRC-RP-96-569, Rev. 0, November 5, 1996. 
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Relevant Literature R e v i e w  of 3PB, 2PB and PBA Chemistry 

Reactions of the various organic intermediates with hydroxide ion, water 
(i.e., hydrolysis) and potentially catalytic metals found in nuclear wastes 
are discussed below. First, some relevant literatui-e accounts of 3PB are 
cited. Next, preliminary literature searchs prepared by Dr. R. Bruce King of 
the University of Georgia (AthenS,'GA) concerning both 3PB chemistry and also 
2PB and PBA chemistry are then presented. 

Triphenylboron is reported to hydrolyze rapidly in dilute alkaline solution. 1 
However, a 9 wt % aqueous solution of a sodium hydroxide adduct of 3PB 
(reagent grade chemical) is manufactured by DuPont and is also available in 
laboratory quantities from Aldrich Chemical Company.2 
apparently stabilized and is not subject to decomposition in highly caustic 
aqueous media. The reactivity information contained in the Material Safety 
Data Sheets for the 3PB.NaOH adduct lists only an incompatibility with 'strong 
oxidizing agents ' . 
Different accounts of the stability of 3PB towards hydrolysis are given by 
Sidgwick* and Simons compared to the results of Brown and D0dson.l Sidcjwick 
and Simon report that 3PB is inert towards hydrolysis while Brown-and Dodson 
have shown. that 3kB decomposes over an 8 hr period when kept in contact with 
distilled water. 
could depend on the presence af oxygen. Simon asserts that dissolved oxygen 
present in neutral aqueous .3PB solutions promotes hydrolysis reactions that 
decompose 3PB. Such hydrolysis of 3PB was not observed by Simon when oxygen 
was rigorously,excluded from solution. 

Aqueous 3PB is 

I -  

These reported differences in neutral aqueous 3PB stability 

. 

A - 

H. C. Brown a n d V .  H. Dodson, *Studies in Stereochemistry, XXII. The 
Preparation and Reactions of Trimesitylborane. 
localized Nature of the Odd Electron in Triarylborane Radical Ions and 
Related Free Radicals", J. Chem. SOC., 1957, 79,. 2302. 

Material Safety Data Sheet, Triphenylboron-Sodium Hydroxide Adduct, 
9 wt % 3PB-NaOH Solution in Water, supplied by Aldrich Chemical Co. to 
SRTC, 71 13./89. 

university' Press, London, 1949 8 370. 
V. A. Simon, "The Protolysis of the Tetraphenylboron Anion", Ph. D. 
Dissertation, Florida State University, FL, 1962. 

Evidence for the Non- 

ch Che-1 Cataloq, 1994-95, pg. 1424. 

N. V. Sidgwick, 8 VOl. I. , Oxford 
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Triphenylboron Chemistry in B a s i c  Aqueous M e d i a  

R. Bruce King, Department of Chemistry, University of Georgia, Athens, ’: 

November, 1996 
I , Georgia 

- The Chemistry of triphenylboron, (CgH5)3BI h alkaline aqueous solution is 6f 
interest in c6nneCtion with understanding the decompo&on of tetraphenylborate in basic 
high level’nuclear waste -media. In alkaline aqueousmedia triphenylboron exists aszits 
hydroxide adduct hydrosytriphenyiborate, (C6&)3BOHd. arising from the follotvirrg 
equilibrium: 

Both ‘triphenylboron (called --triphenylborane“ in the:lChemid Abstracts nomenciathii 
since “BH3” is called “borane”) and hydroxytriphenylbomtewere searched in the Chemiwi 
Abstracts substance index during the period 1%7-1935, istclusive, in order to assemble 
any relevant Iiterabre informarion. Patents are not readily?availabIe in the Universitjd i$ 

t 1) - -  (CjH5)3B + OH-= (C6&)3BOH- 

> -  Georgia library and thus u-ere not consulted in ori@nal formi. - -. 
Relatively little relevmt information IW found: in this smch. However, i he  

following items are of possible interest: 
(1) The salt L~[(~H~~~BOHJ-(C~H~)H~)~O is obtain& frdm trighenylbobn and lithium 
hydroxide in the presence of diethy[ ether. Thermal deconiposition of this salt is rewrtdf 
to give a dark carbonaum~s residue with no fixed mrn@&bn if the sample is heat@ zit 2 
rateof one degree per minute until constant weight is-~&&’ed. However, rnaintainhgMG? 
sample isothemdlyat 100°C @\%sa midue of colnpos?”ori of Li[(QH5)iBO] app-aretitly 

. -  

, 

by elimination of benzene according tb the followi@’qUiUio& i c E:: 

Li[~~H~)~BOH].(C*H~)~O~ Li[(CfjH&BD]( +IC& (C2Hs)zO :(2) 3 ’- 

(2) 
: 4 5::: . 

(3)’ An alkaIine solution containing a mixture ~ft!fiydroxytriphenylborte W . 
dihydmxydiphenylbomte ion derived .from diph$hrhic acid upon acidifiabir 

Hydmxytciphenylborate has been patented3 a3 d:pr&ipitant’for removal of cesium 
suggesting that CsB(c&)30H is iaolhble like CB;(Ci;H5J;G . 

‘Fields, 2. L; Patnoe, R L; LeschniK O., Thermal Oecomptjsition of Organobcjrat~ Salts? 
Anal. Calorim., 1 9 77, 4, 9 1-93. ‘ 4  1 
ZSullivan, 1.- M., U. S. 5,144,063 (1992). - L  . .  
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precipitates triphenylboron at pH 7.6 when diphenylborinic acid still remains in solution. 
This bas been patented3 as a method for separating triphenylboron from diphenylborinic 
acid and impli& that H[(QH&BOH] is a weaker acid than Hf(QH5)2B(OH)2]. 
(4) Triphenylboron and sodium methoxide are patented4 to give sodium 
tetraphenylbomte abve 200°C presumably by the following reaction: 

This is probably the patent that was uncovered by George Parshall several months ago. - 
(5) . The’anodic oxidations of a variety of tridlcyl- and triarylhrons has been: 
investigated e ~ e c t m c h e m i ~ y  in acetogtrile solution usibg sodium tett&uoroborate as the- 

* supporting electr0lyte.~*6 Triarylborons were found to be more readily oxidized under. 

4 (QH5)3B + 4 NaOCH3- 3 NaB(CgH5)4 -f: NaB(OCH3)4 (3) 

such conditions than triaIkylborons even though the lower trialhylborons such as (CH3)3B 
and (C2H5)3B are spontaneoudy-flammable in air in boritrast to triarylborons. The anodic 
oxidations of the triarylbomns were irreversible and were suggested to involve the 
generation of radical cations followed by rernovd of ixyl groups by sequences of the. 
following type (e.g., R = GjH5): ’ 

The irreversible oxidation potential for triphenylboron oC2.04 V is reduced to -1.5 V upon 
complexation with ammonia or pfidine. 
(6) Two environmentally oriented papers from the Sav&nah River.Eco!ogy Laboratory‘ 
(SREL) on the decomposition . of sodium tetraphenylborate diseuss ’ triphenylbon 
intermediates. Hunter and Bertsch7 measure the Surface-facilitated degradation of 

- (4) 
-e R3B - R3B’+----+ R2Bf + R’ 

tetraphenylborate in fully aquated clay pastes using attenuated total refletawe Fourier 
transform infrared spectroscopy. SurfacefaCiIitated oxidation of tetraphenylborate t6 
diphenyiboronic acid was observed at Lewis acid sites an clay mineral surfaces on three; 
members of the srnmtite family ofdays, which contaisie&iron in the structur6. In addition; 
the degradation of tetraphenyiborate to triphenylboron &t Briausted acid sites was measurer! 
on aluminum-saturated clays. First-order kite rnodeIshGre developed for both reactions! 
The pH range in these expedments is relatively acid bf i i i p8red  with the strongly alldin€ . * 

. . . .  . 
I .  

1 7 . .  
, .  

SSeidel, W> C.,’U. S. 4,177;ZE (1 979). 
4Peet; W. G.; Tebbe, F. N., U. S. 4,510,327 (1985). 
SUrtaeva, Zh. MI.; Bumber, A. A.; Okhlobystin, 0. Yu., &kL Akad’Nauk SSSR &gL 
Trans!., 1 9 8 6, 286, 85-88. 
GUrtaeva, Zh. Kh.; Burnber, A. A; Okhlobystin, O:Yu., Zhur. Obshch. Khirn. Engi. 
Trans!., 1 9 86, 56, 11 42-1 146. . - 
THunter, 0. B.; Bettsch, P. M., Enviraz Sci. Technol., 7 994, 28, 686-697. 

E .  

: 
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nuclear waste media currentIy of inter=[. .. . However, this study might suggest possible 
reactions on the solid hydrous ogides present in the sludges, 

The other paper .from - SREL by f\l.ills and Sullivan8 studies the indirect photolysis 
of tetr5aphenylborate initiated by humic substances in natural waters. Triphenylboron, 
0-terphenyl, and diphenylborinate were identified as depdation products in solvent 
extracts of irradiated solutions using gas chromato-mphy/mass spectrometry. 

_ .  . . -4 

~ _ ~ ~ _  -~ ~ ~ ~ 

8Mills, G. L; Sullivan, L. R., Chemosphere, 1995, 37, 45414547. 
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C h d s t z y  of Phenylboronic A c i d  and Diphenylbor-c A c i d  
in Bascc Media: A Prelwnazy Literature Search 

R. Bruce King, Department of Chemistry, University of Georgia, Athens, Georgia 
September, 1996 

The following aspects of the chemistry of phenylboronic acid, QH5B(OH)2, and 
diphenylborinic acid, (C6&)$OH, are of interest and relevance in connection with 
understaqding their roles as intermediates in the decomposition of tetraphenylborate in basic 
high level nuclear waste media: 
(1) Reactions of cgHgB(OH)2 and (QH5)2BOH with hydroxide ion in basic media to 
give the corresponding tetracoordinate anions, i.e. 

GH5B (om2 -E 0 H - S  CC6K5B (oH)31- (W 
(CbH512BOH f OH-% [(QH5)2B(oH)d' (W 

(2) Information relating to the hydrolysis of QHsB(OH)2 and (QjH5)zBOH to benzene 
and boric acid in basic media. 
(3) Interactions with C6H[5B(Ow2 and (QjEls)zBOH in basic media wihrnemls found in 
nuclear .wastes. 
Phenylboronic acid and diplienylborinic acid were. searched the Chemical AbsGcts 
substance index during the period 1967-1995, inclusive in order to assemble any relevant 
literature information on these topics. Most of the relatively few papers of possible 
relevance found during this search fraced back to a fundamental 1882 paper by Michaelis 
and Becker shortly after the discovery of arylboronic acids.' Because of the early date of 
this paper and its not bemg readily available in the University of Georgia lib=, I: chose 
not to take the time to dig it out before preparing this preliminary report 

t 

1. 
basic media . 

Reactions of C6HsB(OH);z and (C6H&BOH with hydroxide ion 'in 

me reaction of CtjH5B(OH)2 with hydroxide ion (equation la> has been studied in 
detail using temperature-jump relaxation methods? In this connection the second-order rate 

'Michaelis, A.; Becker, P., Ber., 1882, 75, 180. 
2Kajimoto, 0.; Saeki, T.; Nagaoka, Y.; Fueno, T., Temperature-Jump Rate Studies of the 
Association Reactions of Boric and Benzeneboronic Acids with Hydroxide Ion, J. Phys. 
Chem., 1977, 81, 1712-1716. 
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constantsfor reaction l a  as well as similar reactions with substituted phenylboronic acids, 
XCgEI4B(OH)2 in 0.1 M aqueous KCl medium at 25 and 35OC were measured using the 
temperature-jump relaxation method. Tht reactions were found to be activation-controlled 
process with rate constants on the ordeh of lO7-8M-lsec-1. The mctivity of 
phenylboronic acid towards hydroxide ion was’ found to be greater than that of boric acid. 
The pKa for phenylboronic acid at 25°C was found to be 8.70 as compared with 9.24 for 
boric acid at the same temperature indicating that phenylboronic acid is a less weak acid 
than boric acid. M o r e . m t l y  proton and boron-11 nuclear magnetic resonance methods 
were used to study reaction equilibria of boronic acids, including phenylboronic acid, with 
hydroxide ion (equation la) in connection with understandingreactions of phenylboronic 
acid in basic media with 1,2-diols such as 1,2ethanediol, 1,2-propanediol, and 1,2- 
dihydroxybenzene? There also appear to be a variety of papers on reactivity of 
diphenylborinic acid with catecholamines, adrenaline, and other hydroxyamines with basic 
media which almost certainly involve [(CtjH5)2B(OH)& formed by equation l b  although 
the papers focused on details of analytical methods based on such reactions rather than the 
reaction of diphenylborinic acid with hydroxide; these papers did not appear to be very 
useful for the problems of interest in nuclear was& treatment and thus are not cited in detail. 

The following methods were described415 for the preparation of phenylborate salts 
of the alkali metals (M = Li, Na) and the alkaline earths (M’ = Ca, Sr, Ba) in aqueous 

I 
* 

. 

These sales were charac@kd by eIernentd analyses for the metal, boron, carbon, and 
hydragen. The thermd decomposition reactions of these salts at temperatures i y p i d y  up 
to 150 to 200°C were found to result in the elimination of benzene and water giving 
ultimately the alkali metal “metaborates,” We. Detailed thennogravimetric data were . .  
presented.5 

3Pizer, R. 0.; Ricatto, P. J.; Tihal, C. A., Thermodynamics of Several Boron Acid 
Complexation Reactions Studied by Variable-Temperature H and I I3 NMR 
Spectroscopy, Polyhedron,l993, 7 2 ,  21 37-2142. 
4Fields, C. L.; Patnoe, R. L.; Leschnik, D., Thermal Decomposition of Organoborate Salts, . 
Anal. Calorim., 1977, 4, 91-93. 
sFields, C. L.; Doyle, J. R., The Thermal Oecomposition of Salts of Boronic Acids, 
Thermochim. Acta, 1974, 8, 239-248. 
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2. Hydrolysis of C&jI&(OH)2 and (C6Hs)zBOH to benzene and boric acid 
in basic media 

The find step in the hydrolysis of tetraphenylborate is the conversion of 
phenylboronic acid to boric acid and benzene. This reaction, which is called a pmtode- 
boronation reaction, lid been studied in detail in acid solution by Kuivila and his coworker 
Nahabedian.6 General acid catalysis has been postulated for these reactions. However, 
this work is of limited relevance to the decomposition of phenylboronic acid in the basic 
nuclear waste media because of the vast differences in pH between the pH 13 to 14 nuclear 
waste media and the highly acid pH range studied by Kuivila and Nahabedian.6 Of 
interest, however, is a subsequent study by Hatt7 of the effect of pH on the stabfity of 
phenylboronic acid in aqueous solution. The extent of hydrolysis of phenylboronic acid in 
aqueous solution at 50" and 100°C was investigated under nonoxidative conditions. AU of 
the samples heated to 100°C for 90 hr. were completely hydrolyzed except for the most 
alkaline sample @H 13). The extent of hydrolysis of the samples heated at 50°C for 90 hr. 
was least for those samples above pH 11, the extent of degradation increasing 
progressively with lower pH values. Both sets of results show that phenylboronic acid is 
stabilized by the presence of alkali, at least up to pH 13 where the acid exists as 
QH[$(OH)3- (see equation la). This observation was stated to be in accord with much 
earlier results of Ainley and Challenges who found that phenylboronic acid (1 g) appeared 

to be unchanged after boiling for 20 hr. with 5% aqueous sodium - hydroxid'e (50 mL). - 
3. Interactions with C&B(O)CI)2 and (CsH&BOH in basic media with 
metals foupd in nuclear wastes. 

No information was found in the literature search on metal complex or salt 
formation of phenylboronic acid or 'dipheriylborinic acid with 'ions or hydrous oxides of 
metals found in the nuclear wastes other than the alkali or aikaline earth metals. For 
example no information was found in the literature on phenylboronic acid or 
diphenylborinic acid of their complexes or salts with metals found in high-Ievel nuclear 
wastes such as iron, manganese, chromium, nickel; zinc, aluminum, etc.' There appear to 
be pre'cedents in the litemture for catalytic and/or stoichiometric roles of compounds of 
metals such k copper and palladium in promoting reactions of phenylboronic acid with. 

6Kuivila, H. G.; Hanabedian, K. V.,'Electrophilic Displacement Reactions. X. General Acid 
Catalysis in the Protodeboronation .of Areneboronic Acids, 1961; 83, 2159-21 63. 
7Halt, 6. W., A Method for Investigating the Effect of pH on the Stability of 
Benzeneboronic Acid in Aqueous Solution, Chem. ind., 1975. 617-61 8. 
8Ainley, A. 0.; Challenger. F., J. Chem. Soc., 1930, 2171. . -  
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various inorgaruc ana organic substrates leading to loss of the phenyl group -by b e n g  
the phenylboron bond. However, almost all cases the substrates and reaction conditions 
are very different than those invoIved & nuclear waste treatment so that detailed literature 
information do& not appear to be very useful. Mercury compounds also promote very 
readily the cleavage of the phenyl-boron bond in phenylboronic acid and .related 
compounds to give phenylmercury derivatives. 

Summary 

(I) Reactions of CgHgB(OH)2 aqd (QjH5)2BOH with hydroxide 
tetracoordinate boron anions [C&jB(OE&]- and [(CgH5)2B(OH)2]- 
described in the literature including rate and equilibrium information. A 

ion to give the 
have been well 
number of solid 

alkali and alkaline earth metal salts of these anions have been characterized by standard 
analytical methods. However, no definitive structural reports on solid metal salts of these 
anions by methods such as X-ray difhction were found in the literature'seatch. 
(2) Phenylboronic acid appears to be more resistant to hydrolysis in basic rather than 
acidic media possibly owing to stabilization by formation of the tetracoordinate 
CgHsB(0H)s anion. 
(3) No definite salts or complexes of phenylboronic acid or diphenylborinic acid with 
metaIs other than the alkali or alkaline earth metals appear to be reporfed in the literature. A- 

Thus no information ap&ars to be known about salts or coinpl&es of phenylboronic acid 
or diphenylborinic acid with metals of interkt such as iron, .manganese, chromium, nickel, 
zinc, or aluminum. 

. -  
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Appendix B 

Statistical Design of meziments 

A typical test matrix for a four paiameter system, each of which varies over 
three levels, is shown in Table B-1. Test series for each organic component 
involves 10 vessels from the middle portion of the overall test matrix. (see 
Rows 11 through 20 of Block #2 in Table B-1). Table B-1 uses *-I equal to the 

level of each respective parameter. 
, .  , lowest level, "0" .equal to the middle level, and *+" equal to the highest 

' The desi& provided in Table B-1 was generated by the statistical program 
JMP.l It is a blocked, face-centered central composite design.2 The ten 
trials comprising Block #2 provide an opportunity to investigate the main 
effects of the four parameters in the study. The two center points (the 
'0000' points) provide a check for curvilinear response over the range of 
factor space studied. 

Purther sample testing within the overall defined test matrix of Table 33-1 
involving Blocks #1. (Rows 1-10] and #3 (Rows 21-30)'were not specifically 
planned as a part of this study. Tests involving Block #1 would provide 
information on the various parameter interactions. Tests involving Block 1 3  
indicate which factors are involved in a curvilinear response. 
sample testing using conditions of gas-space inerting to remove air was 
conducted on PBA samples. 

Block #2 

Chemical analyses'results for the 3PB, 2PB and PBA alkaline aqueous systems 
have.been analyzed by visual inspection (see text) to determine the rates of: . 
reaction and significant product yields in the presence of copper (added as . 
soluble Cu(I1)) and elevated temperatures. The computer program/co& "JMP" is 
currently being used in the detailed analysis'of each data set.l Any 
significant differences found in this analysis of the data sets.wil1 be 
documented in a later report. 

ide, Version 3 ,  SAS Institute SAs Institute, D P  Stat;;Lstxs and Granhics Gu 

R. L. Mason, R. F. Gunst and J. L. Hess, mtistical Desicm and Analvsis of 

. .  
Inc., Cam, NC, 1994. . .  

ion to Encrmeerins and Science, John Wiley ti 
Sons, New York, 1989. 
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T a b l e  B-I. Statistically Designed Matri@ 

B O W S  O r c r w i c  cuLa;l, V e s s a  
Testb 

1 ---+ 1 -1 -1 -1 1 
2 --+- I -1 -1 1 -1 
3 -+-- 1 -1 1 -1 -1 
4 --I-++ 1 -1 1 1 1 
5 +--- 1 1 -1 -1 -1 
6 +-++ * 1 1 -1 1 -1 
7 ++-+ 1 1 1 -1 1 
a +++- 1 1 1 1 -1 
9 0000 1 0 0 0 0 
3-0 0000 1 0 0 0 0 
11 ---e 2 -1 -1 -1 -1 V#2 
12 --++ 2 -1 -1 1 1 V#2 
13 -+-e 2 -1 1 -1 1 V#3 
14 -++- 2 -1 1 1 -1 V#4 
15 +--+ 2 1 -1 -1 1 V#5 
16 +-*- 2 1 -1 1 -1 V#6 
17 ++-- 2 1 1 -1 -1 V#7 
18 ++++ 2 1 1 1 1 V#8 
19 0000 2 0 0 0 0 V#9 
20 0000 2 0 0 0 0 V # l O  
21 -000. 3 '  -1. 0 0 0 
22 +ooo 3 1 0 0 0 
23 0-00 3 0 -1 0 0 
24 o+oo 3 0 1 0 0 
25 00-0 3 0 0 -1 0 
26 oo+o 3 0 0 1 0 

000- 3 0 0 - 0  -1 
ooo+ 3 0 0 0 1 

27 
28 
29 0000 . 3 0 0 , o  0 
30 0000 3 -0 0 0 0 

- - *  

I 

a Temperatures at 40, '55, and 70 OC; Organic Reagent = -100, -500, and 
-2000 ppm; Hydroxide concentration = 0.5, 1.5, and 2.5 Molar; 
Copper(1f) added as soluble CuS04-5H20 solution = 0.1, 1, and 10 ppm. 
Test Vessel #Is for 3PB, 2PB .and PBA data shown in Appendices D, E and.F, 
respectively. 
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Solutions were made from reagent. grade chemicals. Aldrich Chemical CO. . 
supplied triphenylboron, diphenylborinic acid ethanolamine ester and 
phenylboric acid. Note that the solid triphenylboron compound, not the 9 wt % 
3PB-NaOH adduct in solution, was,used as reagent 3PB chemical in this study. 
All chemicals were weighed on calibrated balances checked daily before use 
(Operating Procedure #IWT-OP-Oll). The weights used for balance checks were 
calibrated at the SRTC Standards Laboratory. Volume measurements were made 
with glassware whose accuracy has been verified by gravimetric methods using 
water as a standard (Operating Procedure #IW!€?-OP-009). 

Samples were maintained at the specified testing temperatures by placement in 
laboratory ovens. 
determined by thermometers constantly kept in place within the ovens in very 
close proximity to the set of test vessels. 
by SRTC Standards Laboratory using NIST-traceable procedures, 
temperature and thermometer temperatures were recorded on appropriate data 
sheets located at each oven. 
data sheets were kept as a permanent record in C. L. Crawford's Laboratojr 
Notebook WSRC-NB-95-308. Temperature monitoring and control during normal 
laboratory hours was conducted by researchers and technicians. 
were also recorded on night-shift and weekend-shifts by SRTC Control Room 
personnel. 

Temperatures within the air-space of the ovens was 

. Thermometers used were calibrated 
Oven display 

Upon completion of the tests, these temperature 

Temperatures 

Tests were carried out in 160 mL carbon-steel, air-sealed containers without 
constant stirring, i.e., as static sys.tems. Containers were cleaned before 
testing by rinsing with deionized water, contacting with -1% nitric acid €or 
-1 hr, rinsing with deionized water, heat treating-at -580 OC for ae-least 8 
hrs, and finally soaking in 0.5 M NaOH for at least 8 hours. 

The same test matrix for the initial set of samples with each organic 
component was used to readily evaluate each test series against the qthers 
(i.e., to determine the overall relative reactivities of 3PB, 2PB and PBA). 
The'test matrix is statistically designed with the following parameters at the 
designated levels: 

Earameter Levels 
Temperature 40, 55, and 70 OC 
Organic Reagent 100, 500, and 2000 ppm 
Hydroxide Concentration 
Copper (11) 0.1, 1, and 10 ppm 

0.5, 1.5, and.2.5 Molar 

Copper was added as a soluble copper(I1) sulfate (CUS04.5H20) solution to each' 
alkaline solution containing the dissolved organic reagent. 
containing various amounts of the starting organic reagent and hydroxide ion 
were prepared without added copper and stored at room temperature. 
'control samples' were prepared as an indication of the ambient. temperature 
stability of the various organic components in air-sealed alkaline aqueous 

Two vessels 

These two 

I solution only. 

Initial unreacted samples from all solutions were analyzed to provide starting 
measurements of components present. Subsequent sampling of the solutions were 
performed on a frequency of approximately once every 2-3 days up to - SO0 hrs. 
Solutions were removed from the test temperatures and cooled to ambient 
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temperatures by repetitive immersions in water baths prior to sampling. 
Solutions were mixed by vigorous shaking of the carbon-steel vessels 
immediately prior to gas-phase and solution sampling. All test-vessels 
containing the solution samples were weighed prior to and immediately after 
sampling in attempts to identify any significant evaporative losses during the 
tests. A typical sampling consisted of removing 10.5 cc gas from the vapor- 
'space within the sealed vessel and approximately 4 mL solution ( -  1 mL 
analyzed for liquid benzene, -2 mL for soluble organics analysis and -1 mc for 
soluble boron analysis). The aqueous solution samples were not filtered prior 
to either soluble organics or boron analyses. 
observed in any of the solutions studied. 
air equal 'to the gas or liquid amount to be withdrawn was introduced into the 
sealed vessels immediately before each sampling to prevent depressurization of 
the sealed vessels due to multiple gas and solution sampling over the duration 
of the tests. 

No insoluble species were 
An appropriate amount of ambient 

Organic components were measured by HPLC methods (Analytical Development 
Section, Analytical Operating Procedures Manual, L16.1). The two different 
HPLC methods employed were HPLC 81: (TPB-, 3PB and 2PB Analysis) TSP LC, 
acetonitrile-ammonium phosphate buffer eluent, Whatman ODs-2 column (TPB' 
retention = 5.5 minutes, 3PB retention = 11.5 minutes, 2PB retention = 7.8 
minutes) and HPLC #2: (PBA and Phenol Analysis) Hewlett Packard LC, 
acetonitrile-water eluent, Chemco-5-ODS column (PBA retention = 10.5 minutes 
and phenol retention = 14.6 minutes). Soluble boron analysis was obtained by 
ICP-ES. Due to recent questions arising from the boron analysis by ICP-ES in 
the presence of relatively large'quantities of dissolved organics, boron data 
from present tests are being further analyzed before reporting. 

Benzene was estimated from each of the reaction systems by subtracting the sum 
of all measured soluble organic decomposition products at each analysis time . 
increment from the,molar amount bf measured starting organic species. .Because. 
no other significant organic products were observe& in the HPLC.chramatographs 
other than those reported in Appendices D-G, this calculated benzene 
estimation should give a conservative (maximum) amount of benzene produced in 
each test . 
The actual amounts of benzene produced were estimated by gas chromatography 
(GC) measurements. The GC instruments was calibrated for benzene with 
gravimetrically prepared standards from,reagent grade benzene (Operating 
Procedure #IWT-OP-007). Both gas-phase (from within the sealed carbon-steel 
vessels) and liquid-phase'(from 0.25 - 0.5 mL aliquots of the alkaline aqueous 
solutions) benzene were measured. Gas-phase benzene measurements were 
estimated by transferring a known volume of gas from within the sealed carbon- 
steel vessels to a sealed 16 mL secondary container . Injections from the 
secondary container were made directly into the GC instrument. 
benzene measurements were conducted by transferring a measured liquid aliquot 
of the alkaline aqueous solution into a sealed secondary container (typically 
0.25-0.5 ml of solution into a 0.130 L glass bulb), agitating/swirling the . 
glass bulb to ensure complete liquid-'coating' of the inner vessel walls to 
promote maximWn liquid/vapor surface area within the bulb, and injection of a 
gas sample from the sealed bulb directly into the GC instrument.' Final 
reacted samples from all of the tests were analyzed for soluble copper to 
determine the extent of copper solubility in the alkaline aqueous systems. 
The alkaline solutions were filtered with a, 0.45 p filter to remove any 
potential solid copper-containing species.and acidified to pH 5 2 before 

Measurements of soluble copper were not available at the time of this report. 
These data will be reported at a later'time. 

Liquid-phase 

I submission to ADS for soluble copper concentrations determined by ICP-ES. 
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Appendix D 
Sample Data From 3PB Tests 

WSRC-TR-97-0045, R e v .  0 

Temperature Organic OH- Total Initial Rate 
Copper (rnole/L/hr) 

V e s  s e 1 # ("C) (mg/Ll ( m o l e / L )  (rng/L) 3 PB 
1 40 100-200 0.5 0: 1 < 1.OE-06 
2 40 100-200 2.5 10 < 1.OE-06 
3 40 1500-2000 0.5 . 10 1.40E-05~ 
4 40 1500-2000 2.5 0.1 4.50E-06 

3PB, V#l 
. ,  

2.OE-4 
8 

0 200 400 6 0 0 '  

Time, hrs Legend 

T 
8.OE-4 

L .  

4.OE-4 

2.OE-4 
8 

O.OE+O 
-L - 

0 200 400 600 
l ime,  hrs 

3PB, V#3 

T T 

-I 

0 ' 200 400 600 
Time, hrs 

3PB, V#2 

I 3P8, V#4 

6.OE-3 
.L 

2 4.OE-3 
0 '  
0 

2.OE-3 

O.OE+O -1 
p 200 400 600 

Time, hrs 
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Temperature Organic OH- Total Ini t ia l  Rate 
Copper (mole/L/hr) 

Vessel# ("C) (mg/L) (mole/L) (mg/L) 3 PB 
5 70 106 -2 0 0 0.5 10 1.50E-05 
6 70 100-200 2.5 0.1 < 1.OE-06 
7 70 1500-2000 , .0.5 0.1 2.00E-05 
a 70 150 0-2 000 2.5 10 6.70E-05 

2.OE-3 

1.6E-3 
J z 

1.2E-3 

3PB, V#5 

.. 
ci 
G 8.OE-4 
8 

4.OE-4 

O.OE+O 
0 200 400 600 

Time, hrs % Legend 

3PB, V#7 

2.OE-2 T 

PBA . + phenol 
A benzene 

1.6E-2 -- 
A 

I 

3PB, V#6 

T 
A 
Z 8.OE-4 

- 6.OE-4 ci 
O 4.OE-4 0 

i 

2.OE-4 

O.OE+O 

0 200 400 600 
Time, hrs 

1 .OE-3 

0 

2.5E-2 T 

200 400 
- Time, hrs 

3PB, V#8 

i 
600 

' 0  200 400 600 
Time, hrs 
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Temperature Organic OH- Total 
Copper 

Initial Rate , 

(mole/L/hr) 
vessel # ("a . (mg/L) (mole/L) (mg/L) 3PB . 

55 400-700 1 .5  1 2.60E-06 
400-700 1.5 1 < 1.03-06 

9 
10 55 
11 23-25 1600-2000 1.5 NA 1.70E-06 

12 23-25 40'0 -7 0 0 1.5 NA < 1.OE-06 

4'0E-3 T 
3.OE-3 

d 
0 
E 
d 2.OE-3 
C 

1 .OE-3 
8 

O.OE+O 

3PB, V#9 ' 

I 

f 

3PB, V#IO 

T 4.OE-3 

p 2.OE-3 3-0E-3 I--+- - i 
E 
ci c 

1 .OE-3 -- 

0 0 200 400 

Time, hrs - 
600 

-. 

I 3PB, V#l1 3PB, V#12 

0 200 400. 600 0 . 200 400 600  

Time, hrs Time, hrs 
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Smpk O H .  from JPB T.rU 

v1  cdcuwd 

[ttwrs) (me/L) (maim) , ((rnolULltlir) hrr-1) fmg/L) (rno1.R) (rngn) fmoldL) f m w )  f n!nl.nl ~ m 0 l . n )  
3pB 3pB bo(3PB) d(W8ydl latofdwk 2PB 2PB PBA PBA phawl phsnol &lZNW, 

0 231 D.SE-4 -3.02E+W 0 O.OE+O 0 O.OE*O 5 5dE-5 O.WE+OO 
42 231 9.5E-4 -3.02E40 0.00E40 O.OOE+OO 0 O.OE+D 0 O.OE+O 15 ldE-4 O.WE+ 

137.25 230 O.SE-4 -S.O?E+W 3.01E-08 1.37E-05 0 O.OE+O 0 OAEN 16 l.7E-4 O.DOE*W 
305.6 207 8.5E-4 -3.07E+00 3.24E-07 l.66E-04 0 O.OE+O 0 O.OE+O , 17 1.8E-4 l.lqE-04 

498.25 201 6.3E-4 -3.OBE+W 2.49847 l1lE-04 0 O.OE+O 0 O.OE*O 14 1.5E-4 ,213E-04 

220 - A m  
16 * GLW. 
7 - u R m  

v2  
Thn  3PB 3PB bM3PB) ((moUL)fhr) 
noUn (mrUU ( m o l 4  d(3PWdt 

0 204 8.4E-4 -3.07E+W 
42 204 8.4E-4 -3.07E+W O.OOE+OO 

137.25 197 ' 8.1E-4 -S.OOE*OO 2.11E-07 
305.5 181 6.6E-4 -3.18E+W 6.81E-07 

498.25 148 6.lE-4 -3.21E+OO 4.64E-07 

Tlmr 
Houri 

0 
42 

137.25 
305.5 

498.25 

v3  
SPB 

( m a 4  
1918 
1777 
1388 
918 
538 

3pB 
(molUL) 
7.9E-3 
7.3E.3 
5.7E-3 
3.8E-3 
21E.3 

bd3PB) 

-2.10E+W 
-2.13E+00 
-214E40 
-2.42E+00 
-2.65E+W 

1307 -,Avonga 
579 -. 
44 emso 

lrtorderk 2PB . 2pB 
hr(4) (m@) (miw 

0 O.OE*O 
O.OOE+OO 0 O.OE+O 
1.10E-04 . 0 O.OE+O 
3.37E-04 0 O.OE+O 
2.80844 0 O.OE+O 

Caktdltcu 
F g t r P B A p h a d p h a d B e m s n e  

(mwU (mlW (mpR1 0wl.R) (molr/r) 
0 O.OE+O 0 O.OE+O O.WE+OO 
0 O.OE4 0 O.OE+O O.OOE+OO 
0 O.OE+O 19 20E-4 O.OOE*OO 
0 O.OE+O 36 3.8E-4 1.60E-04 
0 O.OE+O 53 5.6E-4 1.30E-04 

((rnoUL)/hr) 111 cfdff k 23% 
d(3PBydt hr(.l) (Wl.) 

133 
1.378-05 7.79844 61 
1.59E-05 1.02E-03 63 
1.35E-05 1.05E-03 22 
1.14E.05 l.llE-03 32 

2 p B ' P B A  PBA Phmd'Plled 
(mcl.R) (mNU ( ~ 1 . n )  (mpR1 ( m o l W  
7.4E-4 80 6.6E-4 50  5.3E-4 
44E-4 53 4.3E-4 151 1.6E-3 
3JE-4 56 4.6E-4 338 3.6E-3 
1.ZE-4 19 1.6E-4 637 6.8E-3 
1.8E-4 23 1.9E4 785 8AE-3 

crlalrled 
BsmenS 
(MlW 

O.WE40 
O.OOE+OO 
1.7SE-03 
5.19E-03 
8.l8E-03 

v4 
Tlmr 3PB 3PB lad3PBI ((movL)lhr) lstordwk 2pB 2pB a. PBA Phmd phend B a r n  
Han (mulL) (moluU d(3PB)ldt hr(4) (mpn) (molrk) (WL)  (moldL) (mglL) (molW (molUL) - 0 2023 6.4E-3 -208E40 38 20E-4 71 5.8E-4 39 4.1- OAOEMO 
42 1977 8.2E.3 -2.0QE*W 4.52E-06 2.38E-04 22 12- 75 61E-4 63 8.7- O.OOE+OO 

137.26 1808 7.8E-3 -2.11E40 3.82E.08 2.05E-04 . 18 t.OE-4 45 3.7E-4 95 1.053 O.OOE+OO 
305.6 t 7 l l  7.lE-3 -2.15E40' 4.22E-06 2.38E-04 14 7.7E-5 21 1.7E-4 197- 21E-3 1ME-03 

498.25 1598 &BE-3 -2.18E+W 3.52696 2.06844 16 8dE-5 12 9dE-5 323 3.4E-3 155E-03 

1841 
181 
10 

v 5  
m w w a  

0 210 
42 69 

137.25 21  
305.1 6 
488.26 6 

 an (mgn) 

80 
87 
145 

3PB 
W.n) 
8.7E-4 
24E-4 
6.7E-5 
21E.5 
2lE-5 - A n n o I  
GLW. 
4RSo 

calawed 
bp(3PB) ((maULVhr) latordeck 2PB 2PB PBA Pi34 phsncl phsnd EalZOM 

d(3PB)ldl hr(4 ( m a )  (mOlWl) (m0l.n) (mpn) (MWI 
-S.OBE+W 5 28E-5 5 4.1E-5 5 5.3E-5 O.WE+OO 
-3.81E4 1.4dE-05 . 1.3lE-02 , 5 28E-5 5 4.lE-5 06 1.OE-3 7 .5334  
-4.08E40 5.69E-00 729E-03 5 28E-6 5 4.lE-5 135 1.4E-3 8.OOE-04 
-4.6OE*OO 277E-06 5.31E-03 6 28E-5 5 4.155 160 1.- 7.41E-M 
-4dDE40 l.tOE-08 ?16E-03 5 =E-5 5 4.155 157 1.- 7.73E-04 
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V6 
ma 3pB 
Hwn (muW 

0 210 
42 200 

137.25 181 
305.5 111 
408.25 88 

159 
64 
34 

3FB bp(3PB1 ((moVLllhr) Islotciar k 2pB 2pB p8A PE4 
(MtW d(3PBVdl hrI.1) (mglL) (mpldl) [mgk) (moldl) 
8.7E.4 -3.06E+O0 0 D.OE+O 0 O.OE+O 
6.3E-4 -3.08E+OO 9.83E-07 5.05E-04 0 O.OE+O 0 O.OE+O 
7.5E-4 -3.13E+OO 8.73E-07 4.70E-04 0 O.OE+O 0 O;OE+O 
4.7E-4 -3.32Ea 1.ZdE-06 8.58E-04 0 O.OE+O 0 O.OE+O 
3.6E-4 -3,44E+OO 1.01E96 7.58E-04 0 . O.OE+O 0 O.OE+O 

cxciwad 
phsnd phanol Banrhlo 
(mull) (mold)  (moleA) 

5 d3E-5 O.OOE+OD 
15 1.4E-4 O.OOE+OO 
28 3.0E-4 6.14E-05 
75 8.OE-4 3.79E-04 
98 1.OE-3 4.60E-04 

v 7  
~ 3 p B s p B  
Harn (muW (rnolW 

loa0PB) ((maM1fhr) 1st wlwl: Zl'B 2F'E FSA FSA M phael BaPsnr 
d(3PBydl hN-1) (mf i )  (molUL) (mgR) (molUU (mplL) (molul) (moWr) 

0 1929 8.OE-3 -2. lOE4 145 8.0E-4 84 6.SE-4 60 6.4- O.WE+OO 
42 1726 l.lE-3 .2,16E+OO 2.00E-05 l.lSE-03 90 S.0E-4 65 5.3E-4 146 1.6E-3 O.OOE+Oa 

137.26 906 3.7E-3 -2.43E4 3.08E-05 239E-03 164 9.1E-4 113 9.3E-4 325. 3.5E.3 6.48-3 
305.5 28 l.ZE-4 -3.93E+00 257E-05 6.00E-03 50 28E-4 I 7 0  1-4E-3 497 5.3E-3 1.83E-02 
49825, 7 

OJCultlrd 

;.BE-5 -4.54E+W 1.591-05 4.BOE-03 10 5.5E-5 83 6.6E-4 507 5.4E-3 1.76E-02 

V I  
Tkne WE 3p8 bo(3PB) ((moVLyhr) lat  ordark 2F3 
Hwn ( m s W  ( m o l d )  d(3PBVdl hr(4) (mplL) 

0 1050 8.1E.3 -2.OBE+OO 38 
42 1264 S2E-3 -22BE+M) 6.74E-05 4.48E-03 77  

137.25 358 1.5E-3 -2.83E4 4.tOE-05 5.368-03 10 
305.5 5 2lE-5 469E+00 2.83E-05 8ABE-03 7 

408.25 s ZIE-S -.(.BQE+OO i.81~-05 ~ . Z O E - O ~  i o  

716 =Avenge 
861 &LOW. 
120 &as0 

VO 

CakullM 
2PB PBA PEA phend Phend Benzene 

(rnoldL) (mu&) (molul) (mgR) (mo1.R) (raa1.R) 
21E-4 73 6.0E-4 41 4.4E-4 O.OOE+OO 
4.3E-4 87 7.1E-4 83 8.8E-4 6.05E-03 
5.5E.5 20 1.6E-4 270 .29E-3 . 1.66E-02 
3.9E-5 74 6.1E-4 301 3.2E-3 2.02E-02 
5.5E-5 20 ldE-4 309 3dE-3 205E-02 

42 705 298.3 -254E+OO W6E-06 3.74E-04 5 28E-5 15 1.2E-4 41 4 A U  O.WE+Oa 
137.25 633 26E-3 -2.68E+C4 295896 415E-04 5 28E-5 11  1x4 98 1.OE-3 O.OOE+OO 
305.5 464 1.9E.3 -2.72EtQO 3.61E-06 6.46E-04. 0 O.OEM 10 81E-5 255- W E 3  7.26E-04 

408.25 304 1.353 -2.90Ei00 3.54E-06 7.65E-04 0 O.OE+O 10 8.ZE.5 350 3.7E-3 1.48E-03 

567 
180 
32 

VlO 
n I m 3 P f i  
Harr (mcln) 

0 122 
42 719 

157.25 899 
305.5 815 

498:25 591 

871 
69 
8 

3PB log(3P~) ((moVL)hr). lnaderk 2pB 2PB FSA FSA 
(molaA) d(3PBVdi h r ( 4  (mf i )  ( m o l W  (mcln) . (MtrR) I 
3.0E-3 -2 .53E4  11 8.lE-5 24 20E-4 
3.OE-3 -2.53E4 295E-07 4.31E-05 9 5.OE-5 13 1.1E-4 
20E-3 - 2 5 4 1 4  8.92E-07 l.02E-04 5 28E-5 5 4.1E-5 
2.6E-3 -280E+OO 1.4!iE-08 228E-04 5 , 28E-5 5 4.1E-5 
2.5E-3 - 2 d l E 4  l.oJE-06 1.64E-04 . 4 22E-5 5 4.1E-5 

= AW#@ 
StDn. 
duun 

W b d  
Fried phael 8smme 
(msW ( m o w 4  (mlW 

15 ldE-4 0.WEtW 
41 4.4- O.WE+OO 
57 6.1E-4 O.WE+OO 
80 8.5E4 3.76E-04 
110 1.2E-3 2dlE-04 
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V I  1 
n n n 3 p B 3 p B  W 3 P B )  ((mam)mr) I r t o r d ~ k  CBB 2p8 PBA PEA phad pha~l  ~amsna 
Havr (rnfl) ( m o l W  d(9PBYdl hr(4 ( m m )  (moldL) (mp/Ll (moW (mafL) (mokn) (wIW 

0 1980 82E-3 -2.09E4 63 3.5E-4 80 6.8E-4 50 5.3E-4 O.OOE+OO 
42 1963 8. lE4'  -2.OflE+OO 1.67E45 8.92E.05 29 1.6E-4 75 62E-4 74 7.9E-4 O.WEt00 

157.26 1867 7.71-3 -211E+W 3.40E-06 l.86E-04 49 27EJ 65 6.3E4 75 8.OE-4 0.OOEtW 
305,S 1760 7.4E.3 -2,13E+00 2.70E.08 1.51E44 21 19E-4 44 3.6E-4 74 7.0E4 l.lOE93 

408.26 1819 7.6E-3 -2.12€+00 1.33E-06 7,JOE-05 28 15E4 30 25E-1 85 9.1N 6,24504 

1182 -Avwtpe 

5 m  
an =suw 

v12 CJaWad 
lime 3pB 3pB 100(3PB) (Imam)mr) 1sIordsrk 2pB 2% PBA PEA Phend Fbnd BemMs 
tiow (mu&) (mo!d) d(3PBVdl hN-1) (mm) (molrR) (mpR) (molrR) (mg/L) (malrlL) (molUL) 

0 760 3.1E-3 -2.51E+W 13 72E-5 20 1.6E-4 14 1.554 O.OOE+OO 
42 749 3.lE-3 -2.51EMO S.WE.06 1.38E-05 10 &BE-5 21 1.7E-4 24 26E-4 O.OOE*W 

137.26 727 3.OE-3 -2.528+00 6.92E-07 9.86E-05 11 . 6.1E-5 17 1.4E-4 24 2.6E-4 O.OOE+OO 
305.5 876 2dE-3 -2.558+00 9.73E47 1.43E-04 S 5.OE-5 14 1.1E-4 30 32E-4 9.58E-04 

498.25 680 2.6E-3 -2J5Et00 5.80E-07 8.54E.05 10 5.555 20 1.6E-4 37 3.8E-4 . lS9E-04 

717 -Avnrpe 
36 ISTDSV. 
S - Y a S I l  
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Appendix E 
Sample D a t a  From 2PB Tests 

Temperature Organic OH- Total Initial Rate 
copper (mole/L/hr) 

(mg/L) (mole/Ll (mg/L) 2PB vessel# ( O C )  

100-200 0.5 0.1 < 1,OE-06 1 40 
2 
3 
4 

40 
40 
40 

100-200 
1500-2000 
15 00-2000 

2.5 
0.5 
2.5 

10 
10 
0.1 

2P6, V#l  

1.5E-3 

L 

ci ; c ::::::k, 
0.0E.tO 

0 200 400 

Time, hrs 

2PB, V#3 

1.4E-2 
1.2E-2 
1.OE-2 

E 8.OE-3 
6.OE-3 

8 4.OE-3 

0 

L 

2.OE-3 

i 
'i 1.OE-3 
E 
4 

5.OE-4 
0 

O.OE+O 

Legend 

+ Phenol 
A Benzene 

O.OE.i.0 
0 200 

Time, hrs 
400 

1.40E-05 
1.50E-04 
6.40E-05 

2PB, V#2 

0 100 200 300 
Time, hrs - 

2PB, V#4 

400 

i 
0 100 200 300 400 

Time, hrs 

\ 
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Temperature Organic OH- Total 
Copper 

Initial Rate 
(mole/L/hr) 

Vessel# ("C) (mg/L) (rnole/L) (mg/L) 2PB 
5 70 10 0 -2 00 0.5 10 2 2.OE-05 
6 70 10 0-2 0 0 2.5 0.1 . 2 1.9E-05 
7 70 1500-2 0 00 0.5 0.1 1.90E-04 
a 70 1500-2000 2.5 10 2.00E-04 

2PB, V#5 

T W 
8.OE-4 $ 

0 200 

Time, hrs 
400 

Legend 

T 
8.OE-4 $ 

2PB, V#7 + Phenol 
A Benzene 

2PB, V#6 

6.OE-4 

4.OE-4 

2.OE-4 

O.OE+O 
0 100 200 30'0 400 - - Time, hrs 

2PB, V#8 

0 200 400 
Time, hrs , 

0 100 200 300 400. 
Time, hrs 
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5: 6-0E-3 
E - 4.OE-3 0' c 
0 

2.OE-3 

WSRC-TR-97-0045, R e v .  0 

- 
$ 2.5E-3 -- 
a 

-- - 
E 2.OE-3 -- 

8 1.OE-3 -- 

e 
-- 

4 1.5E-3 -- 
-- 

5.OE-4 -- 

Temperature Organic OH- Total Initial Rate 

Copper (mole/L/hr) 
(rnole/L) (rng/L) 2 PB Vessel# ("Cl (mg/Ll 

9 55 400-700 1.5 1 3.70E-05 
10 55 400-700 1.5 1 4.60E-05 
11 23-25 1600-2000 1.5 NA 5.70E-06 
12 23-25 400-700 1.5 NA 1.30E-06 

2PB, V#9 2P6, V#lO 

T 3.5E-3 

I 

3.5E-3 7- 

3.OE-3 

-I 2.5E-3 

E 2.OE-3 

$ 1.5E-3 

0 1.OE-3 

5.OE-4 

0 - 
0 

' O.OE+O I 
0 200 400 ' - 0  100 260. -300 400 

Time, hrs 

2PB, V#l1 

T. 

Time, hrs - - Legend 

+ Phenol 1 

A Benzene 2P6, V#I2 . 

' 3.5E-3 T 
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Sample Data from 2PB Tests 

Time 
(Hours) 

0 
42.5 
135.5 
183.5 
303.5 
375.5 

V l  
2PB 

(mglL) 
139 
133 
125 
117 
115 
112 

2PB 
(molelL) 
7.7E-4 
7.4E-4 
6.9E-4 
6.5E-4 
6.4E-4 
6.2E-4 

124 =Average 
i I =st. dev. 
9 =%RSD 

log(2PB) d(2PB)ldt Is! order k 

-3.1 Et0 
-3.1 E+O 7.887 4.5E-4 
-3.2E+O 5.7E-7 3.4E-4 
-3.2E+O 6.6E-7 4.1E-4 
-3.2E+O 4.38-7 2.7E-4 
-3.2E+O 4.OE-7 2.5E-4 

:(rnolelL)/hr h r W  

v2 
The 2PB 

(Hours) (mglL) 
0 152 

42.5 47  
135.5 5 
183.5 5 
303.5 5 
375.5 5 

2PE lag(2PB) d(2PB)ldt 1st order k 
(molelL) :(mole/L)lhr hr(-l) 
8.4E-4 -3.1 E+O 
2.6E-4 -3.6E+O 1.4E-5 1.2E-2 
28E-5 4.6E+O 6.OE-6 1.1E-2 
2.8E-5 -4.6E+O 4.4E-6 8,1 E-3 
2.8E-5 -4.6E+O 2.7E-6 ' 4.9E-3 
2.8E-5 -4.6E+O 2.256 3.9E-3 

PBA 
(mg/LL 
' 0  

5 
5 
5 
5 
5 

PBA 
(rnolelL) 

O.OOE+OO 
4.1 OE-05 
4.10E-05 
4.1OE-05 
4.1OE-05 
4.1OE-05 

P M  
(mglL) 

'0 
5 
5 
5 
5 
5 

PBA 
(malt) 

0 
38 
10 
7 
0 
0 

PBA' 
(molelL) 

O.OOE+OO 
3.12E-04 
8.2OE-05 
5.74E-05 
O.OOE+OO 
O.OOE+OO 

Phenol 
ImglL) 

0 
5 7  
117 
126 
137 
140 

Calculated 
Benzene Ph9nol 

(molelL) (molslL) 
O.OOE+OO O.OOE+OO 
5.32E-05 O.OOE+OO 
5.32E-05 6.07E-05 
5.32E-05 1.49804 
5.32E-05 1 .70E-04 
5.32E-05 2.05E-04 

Phenol 
(molelL) 

O.OOE+OO 
6.06E-04 
1.24E-03 
1.34E-03 
1.46E-03 
1.49E-03 

Calculated 
Benzene 
(molelL) 

O.OOE+OO 
2.43E-04 
2.99E-04 
2.28804 
1.64804 
1.37804 

37 =Average . 
5 9  =St. dev. 
162 =P/.RSD 

v3 Calculated 
Time 2PB 2PB log(2PE) d(2PB)ldt 1st order k p8A P8A Phenol ' Phenql Benzene * 

(Hours) (mgIL1 (mole/L) '(mo1elL)lhr hr(-1) (mglL) (molelL) (mglL) holelL) (molelL) 
0 1553 8.6E-3 -2.1E+O 0 0.0 OE+O 0- 0 O.OOE+OO- O.OOE+OO 

42.5 432 2.4E-3 -2.6E+O 1.5E-4 1.3E-2 423 3.47E-03 158 1.68E-03 7.25E-03 
135.5 37 2.OE-4 -3.7E-C-0 6.2E-5 ' 12E-2 151 1.24E-03 350 3.72E-03 1.18E-02 

303.5 5 2.8E-5 -4.6E+O 2.8E-5 8.2E-3 0 O.OOE+OO 485 5.16E-03 1.20E-02 
375.5 5 2.8E-5 -4.6E+O 2.3E-5 6.6E-3 0 O.OOE+OO 540 5.74E-03 1.14E-02 

' 183.5 5 2.8E-5 4.6E+O 4.7E-5 1.4E-2 47  3.85E-04 431 4.59E-03 1.22E-02 ' 

340 =Average 
618 &t.dev. 
182 HoRSD 

nme 
(Hours) 

0 
42.5 
135.5 
183.5 
303.5 
375.5 

v4 
2PB 

(mglL) 
1598 
1103 
705 
488 
31 6 
21 9 

2PB 
(mole/L) 
8.8E-3 
6.1 €4 
3.9E-3 
2.7E-3 
1.7E-3 
1.2E-3 

lOg(2PB) d(2PB)ldt 1st order k 
:(molelL)lhr hr(-l) 

-21 E+O 
-2,2E+O 6.4E-5 3.8E-3 
-2.4E+O 3.6E-5 2.6E-3 
-2.6E+O 3.3E-5 2.8E-3 
-28E+O 2.3E-5 2.359 
-2.9E-t-O 2.OE-5 23E-3 

f33A 
irnn/L) 

274 
425 
43 1 
557 
530 

0 .  

PBA 
IrnolelL) 

0.00E+00 
2.25E-03 
3.49E-03 
3.53E-03 
4.57E-03 
4.35803 

phenol 
(mgIL) 

0 
115 
235 
31 2 

' 440 
. 600 

FJhend 
holelL) 

O.OOE+OO 
1.22E-03 
2.50E-03 
3h2E-03 
4.68E-03 
6.38E-03 

Calculated 
Benzene 
(mol ell) 

O.OOE+OO 
2.01 E-03 
3.898-03 

.5.42003 
4.93E-03 
4.52E-03 

738 =Average 
526 =St.dev. 
71 =%ASD 
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v 5  
Time 2PB ' 

(Hours) (mqlL) 
0 156 

42.5 10 
135.5 5 

' 183.5 5 
303.5 5 
375.5 5 

Time 
(Hours) 

42.5 
135.5 

' 183.5 
303.5 
375.5 

' 0  

2PB log(2PB) d(2PB)ldt 1st order k 
(molelL) :(molelL)lhr hr(-1) 
8.6E-4 -3.1 E+O 
5.5E-5 -4.3E+O l.9E-5 2.8E-2 
2.8E-5 -4.6E+O 6.2E-6 1.1 E-2 
2.8E-5 -4.6E+O 4.6E-6 8.1 E-3 
2.8E-5 -4.6E+O 2.886 4.9E-3 
2.8E-5 -4.6E+O 2.2E-6 4.OE-3 

V6 
2PB 

(mn/L) 
154 
20 
5 
5 

. 5  
5 

2PB lOg(2PB) d(2PB)ldt 1st order k 
(motell) :(mole/L)/hr hr(-l) 
8.5E-4 -3.1 E+O 
1.1E-4 -4.OE+O 1.7E-5 2.1E-2 
2.8E-5 -4.6E+O 6.1 E-6 1.lE-2 
2.8E-5 -4.6E+O 4.5E-6 8.1E-3 

. 2.8E-5 -4.6E+O 2.7E-6 4.9E-3 
2.8E-5 -4.6E+O 2.2E-6 4.OE-3 . 

Time 
(Hours) 

0 
42.5 
135.5 

' 183.5 
303.5 
375.5 

32  =Average 
60 =St dev. 
185 S R S D  

v7 
2PB 

(mglL) 
1562 
139 

. 5  
5 
5 
5 

2PB 
(molelL) 
8.6E-3 
7.7E-4 
2.8E-5 
2.8E-5 
2.8E-5 
2.8E-5 

log(2PB) d(2PB)ldt 1st order k 
:(molelL)lhr hr(-1) 

-2.1 E+O 
-3.1E-1-0 1.9E-4 2.5E-2 
-4.6E+O 6.4E-5 1.8E-2 
-4.6E+O 4.7E-5 1.4E-2 * 

-4.6E+O 2.8E-5 8.2E-3 
-4.6E+O 2.3E-5 6.6E-3 

Calculated 
p8A PBA Phend Phend Benzene 

(mglL) (molelL) (mall)  (molelL) (molelL) 
0 O.OOE+OO 0 O.OOE+OO ,- O.OOE+OO 
5 4.10E-05 56 5.96E-04 9.78E-04 
5 4.1OE-05 62  6.6OE-04 . 9.7OE-04 
5 4.10E-05 65 6.91 E-04 9.38E-04 
5 4.1OE-05 65 6.95E-04 9.34E-04 
0 O.OOE+OO 65 6.91 E-04 9.79E-04 

PBA 
(mglL) 

40 
45 . 
48 
57  
50 

a 

PBA 
(molelL) 

O.OOE+OO 
3.28804 
3.69E-04 
3.94E-04 
4.68E-04 
4.1 OE-04 

PBA PBA 
(mglL) (molelL) 

0 O.OOE+OO 
398 3.26E-03- 
5 4.1OE-05 
5 4.10E-05 
5 4.1 OE-05 
5 4.1OE-05 

Phenol Phend 
(mglL) (molelL) 

0 0.00E+00 
43 4.57E-04 
55 5.85E-04 
58 6.17E-04 
61  6.47E-04 
70 7.45E-04 

Phend 
JmglL) 

0 
181 
355 
354 
377 
402 

287 =Average 
627 =St.dev. 
219 S B S D  

va 
T h e  2PB 2PB log(2PB) d(2PB)ldt 1st Order k 

(Hwrsl (mglL) (molsll) . :(mole/l)/hr hr(-1) 
- 0  1560 8.6E-3' -2.1 E+O 
42.5 56 3.1E-4 -3.5Ee 20E-4 3.4E-2 
135.5 5 2.885 -4.6E+O 6.3E-5 1.8E-2 
183.5 * 5 2.8E-5 -4.6Ei-O 4.7E-5 1.4E-2 
303.5 5 2.8E-5 -4.6E+O 2.8E-5 8,283 
375.5 5 28E-5 -4.6E+O 2.3E-5 6.683 

PBA 
(mg/L) 

0 
22 
5 
5 
5 
5 

PBA Phenol 
(molelL) (mglL) 

0.00Ei-OO 0 
1.8OE-04 222 
4.1 OE-05 221 
4.10E-05 222 
4.1OE-05 240 
4.lOE-05 237 

Phenol . 
(motelL) 

O.OOE+OO 
1.93E-03 - 
3.78E-03 
3.77E-03 
4.01 E-03 
4.27E-03 

Calculated 
. Benzene 

(molelL) 
O.OOE+OO 
6.97E-04 
6.94E-04 
6.38E-04 
5.34E-04 
4.93E-04 

Phed 
(molelL) 

0.00E+00 
2.36E-03 
2.35E-03 
2.36603 
2.55E-03 
2.52E-03 

Calculated 
Benzene 
(molelL) 

O.OOE+OO 
1.06E-02 
1.34E-02' ' 
1.34E-02 
1.32E-02 
1.29E-02 

CalCUlalf3d 
BetlZelltl 
(mot an)  

O.OOE+OO 
1.41 Em02 
1.48802 
1.48802 
1.46E-02 
1.46E-02 

273 =Average 
631 =St.dw. 
231 =%RSD 
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v9 
nme 2PB 2pB Iog(2PB) d(2PB)ldt 1st order k Fi3A - .  . 

(Hours) (mglL) (molelL) :(molelL)lhr hr(-1) (mglL) 
0 554 3.1E-3 -2.5E+O 0 

42.5 266 1.5E-3 -2.8E+O 3.7E-5 7.5E-3 118 ~ 

135.5 127 7.0E-4 -3.2E+O 1.7E-5 4.7E-3 126 
183.5 98 5.48-4 -3.3E+O 1.4E-5 4.1E-3 125 
303.5 7 8  4.3E-4 -3.4E+O 8.7E-6 2.8E-3. 160 
375.5 50 2.8E-4 -3.6E+O 7.4E-6 2.8E-3 121 

PBA 
(molelL) 

O.OOE+OO 
9.68E-04 
1.03E-03 
1.03E-03 
1.31 E-03 
9.926-04 

Phenol Phenol . 
(mglL) (molelL) 

0 O.OOE+OO 
113 1.2OE-03 
200 -. 2.13E-03 
226 2.4OE-03 
255 2.71 E-03 
286 3.04E-03 

Calculated 
Benzene 
(molelL) 

O.OOE+OO 
1.02E-03 
1 S7E-03 
1.61 E-03 
1.25E-03 
1.54E-03 

v.10 Calculated 
Time 2PB 2PB log(2PB) d(2PB)ldt 1st order k PBA PB.4 Phenol Phenol Benzene 

(Hours) (mglL) (molslL) :(molelL)/hr hi(-1) (mg/L) (molelL) (mglL) (molelL) (molelL) 
0 569 3.1E-3 -2SE+O 0 O.OOE+OO 0 O.OOE+OO O.OOE+OO 

42.5 21 9 
135.5 8 5  
183.5 7 1  
303.5 . 4 7  
375.5 35 

171 
206 
120 

1.2E-3 -2.9E+O 4.6E-5 
4.7E-4 -3.3E+O 2.OE-5 
3.9E-4 -3.4E+O 1.5E-5 
2.6E-4. -3.6E+O 9.5E-6 
1.9E-4 -3.7E+O 7.9E-6 

= Average 
St. dev. 
=%RSD 

9.8E-3 133 
6.1E-3 127 
4.9E-3 111 
3.6E-3 . 114 
3.2E-3 122 

v i  1 
Time 2PB 2PB log(2PB) d(2PB)ldt 1st order k PB 

(Hours) (mglL) 
0 1189 

42.5 1145 
135.5 1134 
183.5 1188 
303.5 1160 
375.5 1180 

1166 
2 3  
2 

1.09E-03 110 1.17E-03 1.61E-03 
1.04E-03 207 2.208-03 2.1 1 E-03 
9.1OE-04 228 2.43E-03 2.17E-03 
9.39E-04 245 2.61 E-03 2.238-03 
1 .OOE-03 280 2.98E-03 1.93E-03 

Fa4 
(rnolelL) :(molelL)lhr hr(-1) (mglL) (molell) 
6.6E-3 -22E+O 0 O.OOE+OO 
6.3E-3 -2.2E+O 5.7E-6 3.9E-4 5 4.1 OE-05 
6.3E-3 ' -22E+O 2.2E-6 1.5E-4 5 4.1 OE-05 
6.6E-3 -2.2E+O 3.OE-8 2.OE-6 5 4.10E-05 
6.4E-3 -22E+O 5.3E-7 3.5E-5 5 4.lOE-05 
6.5E-3 -2.2E+O 1.3E-7 8.8E-6 5 4.1 OE-05 

v i  2 
Tlme 2pB 2PB log(2PB) d(2PB)ldt 1st order k FBA 

(Hours) ( m g k )  (molelL) :(mole/L)/hr hr(-1) (mglL) 
0 559 3.1E-3 -2.5EtO 0 

42.5 549 3.OE-3 -25E+O 1.3E-6 1.8E-4 - 5  
135.5 544 3.OE-3 -2.5E+O 6.36-7 8.9815 5 
183.5 520 2.9E-3 -2.5E+0 1.2E-6 1.7E-4 5 
303.5 530 2.9E-3 -25E+O 5.3E-7 7.6E-5 I 5 
375.5 555 3.1E-3 -2.5E+O 6.3E-8 8.8E-6 5 

Phenol 
(mg/L) 

0 
5 
5 
5 
5 
5 

Calculated 
Phenol Benzene . 

(molelL) (molelL) 
O.OOE+OO - O.OOE+OO 
5.32E-05 3.93E-04 
5.32E-05 5.14E-04 
5.32E-05 -8.31 E-05 
5.32E-05 2.27E-04 
5.32E-05 5.36E-06 

' F B A  Phenol 
(molelL) (mglL) 

0 0.00Et00 
4.1OE-05 5 
4.10E-05 5 
4.10E-05 5 
4.1 OE-05 5 
4.1OE-05 5 

. .  

Phenol 
(molelL) 

0.00Et00 
5.32E-05 
5.32E-05 
5.328-05 
5.32E-05 
5.32E-05 

Calculated 
Benzene 
(mol elL) 

O.OOEtO0 
1.646-05 
7.606-05 
3.37E-04 . 
2.27E-04 
O.OOE+OO 

543 =Average 
15  =St. dev. 
3 ="/oAsD ' 
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Appendix F 
Sample Data F r o m  PBA Tests 

Temperature Organic OH- Total In i t ia l  Rate 
Copper (rnole/L/hr) 

Vessel# (OC) (mg/L) (mole/L) (mg/L) PBA 
1 40 100-200 0.5 0.1. 1.OE-06 
2 40 100-200 2.5 10 5.30E-06 

40 1500-2000 0.5 10 5.10E-05 3 

40 1500-2 000 2 -5 0.1 5.10E-06 4 

PBA, V#l 
PBA, V#2 

c 
8 2.OE-4 

O.OE+O I I i 
0 100 200 300 400 500 

Time, hrs Legend 

1.4E-2 
1.2E-2 
I .OE-2 
8.OE-3 
6.OE-3 
4.OE-3 
2.OE-3 

6.OE-4 z - 4.OE-4 0' 
0" 2.OE-4 

O.OE+O 

c 

I. PBA 
'+ Phenol i A Benzene 

PBA, V#3 

0 100200300400500  

Time, hrs - 

PBA, V#4 

1.2E-2 
1 .OE-2 
8.OE-3 
6.OE-3 
4.OE-3 

O.OE+O O.OE+O 2.0E-3 - 
0 100 200 300 400 500 0 100 200 300 400 

fmme, firs Time, hrs 
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Temperature Organic OH- Total Initial Rate 
Copper (rnole/L/hrl 

(mole/L) (mg/L) PBA Vessel# ("C) (mg/L) 
5 70 100-200 . 0.5 10 25.8E-06 

6 
7 
8 

70 
70 
70 

100-200 
1500-2000 
15 00-2 000 

PBA, V#5 

6.OE-4 

5.OE-4 

1 4.OE-4 

- 3.OE-4 
u' 
E 
0 2.OE-4 0 

1 .OE-4 

; 

O.OE+O 
0 200 400 

Time, hrs 

1.4E-2 
1.2E-2 

< 1.OE-2 
8.OE-3 

- 
2 

0 
6.OE-3 

0 4.OE-3 

2.5 
0.5 
2.5 

0.1 
. 0.1 

. 10 

1.OE-3 T 

8.OE-4, A 
,1 

6.OE-4 
m 

4.OE-4 
0 
0 

2.OE-4 

O.OE+O 

Legend 

I 

PBA, V#6 

PBA 
0 Phenol 
A Benzene 

0 100 200 300 400 500 
Time, hrs 

1.30E-05 
7.60E-06 
2.60E-04 

0 200 400 

Time, hrs 
- 

PBA, V#8 

-I : 2 1.2E-2 - 
8.OE-3 s 
4.OE-3 

O.OE+O 
0 100200300400500  

Time, hrs 
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1.2E-2 -- 
sf 

3 

0 
E - 8.OE-3 0' 
E 

4.OE-3 

Temperature Organic OH- Total Initial Rate 

Copper (mole/L/hr) 
Vessel# , ("(2) (mg/L) (mole/L) (mg/L) PBA 

9 55 400-700 1.5 1 1.00E-05 
' 10 55 400-700 1.5 1 1.10E-05 

11 23-25 1600-2000 1.5 NA 1.203-06 
12 23-25 400-700 1.5 NA < 1.OE-06 

3.OE-3 -- 
2 

* 2  
3 
- 2.OE-3 -- 0' 

-- 
c 

1 .OE-3 -- -- 
, *  

PBA, V#9 PBA, V#lO 

3*5E-3 x 
2.OE-3 

L) 

0 
0 1.OE-3 

5.OE-4 

O.OE+O 

4.OE-3 T 

3.OE-3 2 
0 
E - 2.OE-3 
6 -  c 
0 
0 1 .OE-3 

O.OE+O E 
0 100 200 300 400 500 0 100200 300400500 

Time, hrs Time, hrs Legend - 

+ Phenol 
PBA, V#l1 . A Benzene PBA, V#l2 

. 
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Sample Data from PBA Tests 

v1 
Time PBA 

(Hours) (mg/L) 
0 91 

4 8  85 
168 79 
236 77 
3 0 4  7 8  
348  7 9  

Pa4 
(molelL) 
7.5E-4 
6.98-4 
6.584 
6.3E-4 
6.4E-4 
6.4E-4 

Time 
(Hours) 

0 
4 8  

. 168 
236 
304 
348 

81 =Average 
5 =St.Dev. 
7 =%RSD 

v 2  
PBA 

(mg/L) 
80 
4 6  
0 
0 
0 
0 

PBA 
(mole/L) 

6.56E-04 
3.77E-04 
O.OOE+OO 
O.OOE+OO 
0.00Et00 
O.OOE+OO 

log(PBA) d(PBA)/dt 
((mole/L)/hr) 

-3.1 E+O 
-3.2E+0 1 ;1 E-06 
-3.2E+0 5.7E-07 
-3.2E+O 4.8E-07 
-3.2Ej-0 3.5E-07 
-3.2E+O 2.9E-07 

1st order k Phenol 
hr(-l) (mg/L) 

0 
6.5804 0 
3.5E-04 0 
3.OE-04 0 
2.2E-04 0 
1.8E-04 0 

log(PBA) d(PBA)/dt 1st order k 
((mole/L)/hr) hr(-l) 

-3.2E+00 
-3.4E+00 5.8E-06. 5.OE-03 

#NUM! 3.9E-06 #NUMI 
#NUMI 2.8E-06 #NUMI 
#NUMI 2.2E-06 #NUM! 
#NUMI 1.9E-06 #NUM! 

Phenol 
(molelL) 

O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 

Phenol Phenol 
(rng/L) (molelL) 

0 O.OOE+OO 
30 3.19E-04 
5 6  5.96804 
63 6.68E-04 
63 6.70E-04 

~ 63 6.67E-04 

Calculated 
Benzene 
fmole/L) 

O.OOE+OO 
5.15E-05 
9.57E-05 
1.13E-04 
1.06E-04 
1.02E-04 

Calculated 
Benzene 
(m OWL) 

O.OOE+OO 
O.OOE+OO 

O.OOE+OO 
O.OOEtO0 
0.00Et00 

5.92E-05 

21 ='Average 
34 = St.Dev. , 

1 6 3  =%RSD 

v3 Calculated 
Time PBA Pa4 log(PBA) d(PBA)/dt 1st order k Phenol - Phenol Benzene _. -. . 

(Hours) (mg/L) (mol elL) ((molelL)/hr) hr(-l) (mg/L) (rnoIelL) (molelL) 
0 1583 1.3E-2 -1.9E+O 64 6.85E-04 O.OOE+OO 

48 1286 1.1E-2 . -2.OE+O 5.1E-05 1.9E-03 190 2.02E-03 4.19E-04 
168 833 6.8E-3 -2.2E+O 3.7E-05 1.7E-03 51 5 5.488-03 6.66E-04 
236 765 6.3E-3 -2.2E+O 2.8E-05 1.3E-03 640 6.81 E 9 3  O.OOE+OO 
304 6 6 3  5;4E-3 -2.3E+O 2.5E-05 1.2E-03 739 7.86E-03 O.OOE+OO 
3 4 8  653 5.4E-3 -2.3E+0 2.2E-05 1.1 E-03 744  7.92E-03 O.OOE+OO 

964 I = Average 
382 =StDev. 
40 =%WD i 

v4 Calculated 
Time PEA f33A log(PBA) d(PBA)/dt 1st order k Phenol Phenol Benzene 

(Hours) (malL) (motelL) ((mole/L)/hr) hr(-1) (mg/L) (molell) (rnoleL) 
0 1980 1.62E-02 -1.79E+OO 13 1.38E-04 O.OOE+OO 

48 * 1950 1.6OE-02 -l.EOE+OO 5.13E-06 1.38E-04 65 6.91E-04 O.OOE+OO 
1 68 1 944 1.59E-02 -1.8OE+OO 1 .X'E-06 4.77E-05 135 1 -44E-03 O.OOEiO0 
236 191 6 3.57E-02 -1.80E+00 2.22E-06 6.05E-05 136 1.45E-03 O.OOE+OO 
3 0 4  1940 1.59E-02 -1.80E+00 1.08E-06 2.92E-05 161 1.71E-03 O.OOE+OO 
3 4 8  1882 1.54E-02 -1.81E+OO 2.32E-06 6.37E-05 168 1.79E-03 O.OOE+OO 

1935  = Average 
33 = St.Dev. 
2 =%RSD . 
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. *  
v5 

T h e  PBA PBA log(PBA) d(PBA)ldt 1st order k Phenol Phenol 
(Hours) (mgIL) (mole/L) 

' ((mole/L)/hr) hr(-l) (mglt) (mole/L) 
0 7 2  5.9E-4 -3,2E+O 0 O.OOE+OO 

48 5 4.1 E-5 -4.4E+O 5.8E-06 2.4E-02 4 1 4.37E-04 
168 0 O.OE+O #NUMI 3.9E-06 #NUM! 41 4.33E-04 
236 0 O.OE+O #NUM! 2.8E-06 IINUM! 44  4.68E-04 
304 0 O.OE+O #NUMI 2.2E-06 #NUMI 44 4.70E-04 

O.OE+O #NUM! 1.9E-06 #NUMI 40  4.21E-04 348 0 

Calculated 
Benzene 
(mole/L) 

O.OOE+OO 
1 .13E-04 
1.57E-04 
1.22E-04 
1.2OE-04 

0.0001 6893 

Tlme 
(Hours) 

0 
48  
168 
236 
304 
348 

Time 
(Hours) 
0 

168 
236 
304 
348 

48  

1 3  =Average .. 
2 9  =St.Dev. 

226 =%RSD 

V6 
PSA 

(mg/L) 
110 
35 
i o .  
0 
0 
0 

p8A 
(motell) 

0.0009031 
0.0002848 
8.201 E-05 

0 
0 
0 

lOs(PBA) 

-3.044284 
-3.545406 
-4.0861 11 

#NUMI 
#NUM! 
#NUMI 

d(PBA)/dt 1st order k Phenol Phenol 
((molelL)lhr) hrl-I) . (mglL) (molelL) 

0 O.OOE+OO 
1.288E-05 0.01044 3 2  3.40E-04 
4.887606 0,0062013 46 4.86E-04 
3.827E-06 MUM! 51 5.46E-04 
2.971 E-06 #NUMI 57 6.06E-04 
2.595E-06 #NUM! 5'4 5.78E-04 

2 6  =Average 
43 =StDev. 
I 6 8  &RSD 

Vme 
(Hours) 
0 

. .  

, 48  
168 

. 236 
304 
348 

v7 
PBA p8A 

(mglL) (molelL) 
1545 1.3E-2 
1500 1.2E-2 
1538 1.3E-2 
1460 1.2E-2 
1475 1.2E-2 
1344 ' 1.1E-2 

tog(PBA) ' d(Pf3A)ldt 1st order k Phenol .Phenol 
((mole/L)/hr) hr(-l) (mglU (moIe/U 

-1.9E+O 0 _O.OOE+OO 
-1.9E+O 7.63E-06 2.66E-04 80 8.51E-04 
-l.gE+O 3.31E-07 1.14E-05 113 1.2OE-03 
-1.9E+O 2.94E-06 1.04E-04 1 15 1.22E-03 
-1 . ~ E + o  1 .87~-06 6.55~-05 170 1.81 E-03 
-2.OE+O 4.72E-06 1.73E-04 171 1.82E-03 

1477 =Average . .  
73 = St.Dev. 
5 =?!RsD 

V8 
p8A 

(mg/L) 
2082 
575 
554 
51 9 
474 
438 

PBA log(PBA) 
(mole/L) 
1.71 E 9 2  -1.77E+OO 
4.72E-03 -2.33E+OO 
4.54E-03 -2.34€+00 
4.26E-03 -2.37E+OO 
3.89E-03 -2.41E+OO 
3.598-03 -2.44E+OO 

d(PBA)ldt 1st order k Phnd 
((mole/L)hr) hr(-1) (mg/L) 

' 1 6  
2.57E-04 1.16E-02 153 . 
7.46E-05 3.42E-03 222 
5.43E-05 2.56E-03 247. 
4.34E-05 2.1 1 E-03 .29 1 
3.87E-05 1.95E-03 31 0 

Calculated 
Benzene 
(molelL) 

O.OOE+OO 
2.79E-04 
3.35604 
3.57E-04 
2.97E-04 
3.25E-04 

Phenol 
(motell) 
1.70E-04 
1.63E-03 
2.36803 
2.63E-03 
3.1OE-03 
3.29E-03 

Calculated 
Benzene 
(molelL) 

O.OOE+OO - 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO - 

Calculated 
Benzene 
(rnolell) 

0.00 E+OO 

1 -02E-02 
1.02E-02 
1.01 E 9 2  
1 -02E-02 

1.07E-02 . , 

774 =Average 
643 =StDev. 
83 =P/oRSD 
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V9 
Time PBA PBA 

(Hours) (mglL) (mole/L) 

48 365 3.OE-3 
0 4 2 4  3.5E-3 

1 6 8  328 2.783 
236 280 2.3E-3 
304 272 2.263 
348  229 1.9E-3 

4 3  

log(P8A) d(PBA)ldt Is! order k 
((mole/L)/hr) hr(-1) 

-2.5E+O 
-2.5EtO 1 .OOE-05 1.35E-03 
-2.6E+O 4.68E-06 6.63E-04 
-2.6E+O 5.00E-06 7.63E-04 
-2.7E+O 4.09E-06 6.33E-04 
-2.7E+0 4.59E-06 7.69E-04 

Phenol 
( m a l l )  

0 
48 
-a2 
105 
128 
1 4 3  

Phend 
(mole/L) 

O.OOE+OO 
5.15E-04 
8.71 € 4 4  
1.11E-03 
1.36E-03 
1.53E-03 
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Cdculaied 
Benzene 
{molek) 

O.OOE+OO 
O.OOE+OO 
o.OOE+OO 

O.OOE+OO 
6.72E-05 

7.31 E-05 

3 1 6  =Average 
71 = St.Dev. 
22 =%RSD 

vi0 ' Calculated 
nme PBA PBA log(P8A) d(PBA)ldt 1st order k Phend Phend Benzene 

(Hours) (mnlL) (molelL) ((rno1elL)lhr) hr(-1) (mglL) (molelL) (molelL) 
0 4 3 2  3.54E-03 -2.45E+00 0 O.OOE+OO 0.00E+00 

4 8  370 3.03E-03 -2.52E+00 1.05E-05 1.39E-03 42 4.51 E-04 5.33E-05 
168 347 2.84E-03 -2.555+60 4.15E-06 5.66E-04 77 8.19E-04 O.OOE+OO 
236 305 2.50E-03 -2.60E+00 4.40E-06 6.39E-04 101 1.08E-03 O.OOE+OO 
304  286 2.34E-03 -2.63E+00 3.93E-06 5.89E-04 11 2 1.19E-03 3.52E-06 
348  2 6 3  2.16E-03 -2.67E+OO 3.97E-06 6.18E-04 1 3 4  1.42803 O.OOE+OO 

334 =Average 
62 = St.Dev. 
19 =%RSD 

nme 
(Hours) 

0 
4 0  
1 6 8  
236 
3 0 4  
3 4 8  

v i  1 
PBA 

(mgIL) 
1742 
1735 
1802 
1804  
1795 
1770 

PEA 
(molelL) 
1.4E-2 
1.4E-2 
1.5E-2 
1.5E-2 
1.5E-2 
1.5E-2 

log(PBA) d(PBA)/dt 1st order k Phenol Phend 
((molelL)lhr) hd-1) (mglL) (molelL) 

-1.8E+O 0 -Q.OOE+OO 
-1.8E+O 1.19E-06 3.63E-05 11 1.17E-04 
-1.8E+O -2.94E-06 -8.79E-05 30 3.19E-04 
-l.BE+O -2.16E-06 -6.44E-05 38 4.04E-04 
-1.8E+O - -1.42E-06 -4.26E-05 4 3  4.57E-04 
-1.8EiO -6.67E-07 -2.01 E-05 5 1 5.43E-04 

1775 = Average 
31 =StDev. 
2 ShRSD 

v12 
Time PBA 

(Hours) (mdL) 
0 423 

48 420 
1 6 8  430  
236 426 

348  440  
. 304 ~ 4 4 4  

p8A 
(molell) 

3.47E-03 
3.44E-03 
3.53E-03 
3.49E-08 
3.646-03 
3.61 E-03 

log(PBA) d(PBA)ldt 
((rnolelL)lhrl 

, -2.46E+00 
-2.46E+OO 4.37E-07 
-2.456+00 -3.63E-97 
-2.46E+OO -1.2OE-07 
-2.44E+00 -5.78E-07 
,-2.44E+00 -4.1 YE-07 

1st order k Phenol 
hr(-l) (mglL1 

0 
5.50E-05 0 
-4.51E-05 0 
-1.49E-05 0 
-7.07E-05 0 
-5.05E-05 0 

Phenol 
(molelL) 

O.OOE+OO 
O.OOE+OO 
0.00E+00 
O.OOE+OO . 
O.OOE+OO 
O.OOE+OO 

Calculaled 
Benzene 
(mo1elL)- 

O.OOE+OO __  
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 

-5.98E-05 

Cdculated 
Benzene 
(molell) 

O.OOE+OO 

O.OOE+OO 
O.OOE+OO 
O.OOE+OO ' 

O.OOE+OO 

2.10E-05 

430  =Average 
70 =St.Dev+ 
2 &RSD 

. 
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Appendix G 
Sample Data From Additional Series #2 PBA Tests 

Temp Organic OH- Total Other Initial Rate 
Copper PBA ~ e r i e s ~ 2  (mole/L/hr) 

PBA Vessel# ("C) (mg/L) (mole/L) (mg/L) Conditions 
N2-purge e 1.OE-06 Ser . #2, V#1-N2 40 100 0.5 0.1. 

Ser. #2, V#2-N2 
Ser.#2, V#3-N2 
Ser . #2, V#4-N2 

40 
40 
40 

100 
2000 
2000 

2:5 
0.5 
2.5 

10 
10. 
0.1 

N2 -purge 2.00E-06 
N2 -purge 4.80E-05 
N2 -purge 4.20E-06 

A A I A  O.OE+O I 

PBA SERIES #2 
V#2 N2 

1.2E-3 T 
1.OE-3 k 

I 

0 200 400 
Time, hrs 

600 

Legend 

0 -200 400 ---600 

Time, hrs 

2.OE-2 

1 BE-2 

d 2 1.2E-2 

ri 

0 
8.OE-3 

4.OE-3 

O.OE+O 

PBA SERIES #2 
V# 3 N2 

+ Phenol 
A Benzene 

i 
0 200 400 600 

1.8E-2 
1.6E-2 
1.4E-2 
1.2E-2 
1 .OE-2 
8.OE-3 
6.OE-3 
4.OE-3 
2.OE-3 

O.OE+O 

PBA SERIES #2 
V#4 N2 

0 200 400 600 
Time, hrs Time, hrs 
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Sample Data for Serles Y2 PBA Tests 

.V1 -N2 
Time PBA PEA 

(Hours) (rnqlL1 (rnolelL) 
0 125 1.03E-03 
72 127 1.04E-03 

, 168 127 1.04E-03 
21 6 130 1.07E-03 
360 130 1.07E703 
504 1 j 6  9.54E-04 

Calculated 
Benzene 
(rnolelL) 

O.OOE+OO 
O.OOEtO0 
O.OOEt.00 
O.OOE+OO 
O.OOE+OO 
7.1 1 E45 

Phenol 
_(mn/L) 

0 
0 
0 
0 
0 
0 

log(PBA) d(PBA)ldt i s t  order k 
((rnoielL)lhr) hr(-l) 

-2.99E+OO 
-2.98E.t.00 -2.3E-07 -9.6E-05 
-2.98E+00 -9.8E-08 -4.1E-05 
-2.97E+00 -1.9E-07 . -7.9E-05 
-2.97E+00 -1 .I E-07 -4.7E-05 
-3.02E+OO 1.4E-07 6.2E-05 

menol 
(rnolelL) 

O.OOEt.00 
0.00Et.00 
O.OOE+OO 
O.OOE+OO 
0.00 E+OO 
0.0 0 E+OO 

126 = Average 
5 S t .  Dev. 

( 4  =%RSD 

Calculated 
Benzene 
(rnolelL) 

O.OOE+OO 
3.94E-05 
2.28E-04 
3.86E-04 
8.77E-04 
8.35E-04 

V2-N2 
Time PEA 

(Hours) (rnnlL) 
0 128 
72 110 
168 87 
216 65 
360 5 
504 5 

PBA . log(PBA) d(PBA)ldt 1st order k Phenol Phenol 
(rn ol elL) ((rno1elL)lhr) hr(-1) (rnnlL) I (rnolelL1 

1.05E-03 -2.98E-EOO 0 0.00Et.00 
9.02E-04 -3.04E+OO 2.03E-06 9.OE-04 10 1.06E-04 
7.14E-04 -3.15E+00 1.99E-06 9.9E-04 10 1.06E-04 
5.29E-04 -3.28E+OO 2.40E-06 1.4E-03 13 1.33E-04 
4.1OE-05 ' -4,39E+00 2.91 E-06 3.9E-03 16 i .71 E-04 
4.10E-05 -4.39E+00 2.08E-06 2.8E-03 20 2.1 3E-04 

67 = Average 
52 =St. Dev. 
78 =??RSD 

V3-N2 
PBA 

(mqlL) 
2000 
1505 
1423 
1405 
1200 
387 

- -. Calculated 
d(PBA)/dt 1st order k Phenol Phenol Benzene log(P8A) 

-1.79E+00 
-1.89E+OO 
-'1.93E+OO 
-1.94ECUO- 
-2.OlE+OO 
-2.5OE+OO 

Time 
(Hours) 

72 
168 
21 6 
360 
504 

0 -  

P B A .  

1.64E-02 . 
1 .29E-02 
1.17E-02 
1.15E-02 
9.84E-03 
3.1 7E-03 

(rnolell) ((rnole/L)lhr) hr(-1) (rndL1 (rnolelL) (rnolell) 
0 O.OOE+OO O.OOE+OO 

4.85E-05 1.4E-03 61 6.53E-04 2.84E-03 
2.82E-05 8.8E-04 45 4.78E-04 4.25E-03 ' 

2.26E-05 7.1 E-04 82 8.71 E-04 4.01 E-03 
1.82E-05 6.2E-04 84 8.94E-04 5.67E-03 
2.62E-05 1 AE-03 225 2.40E-03 1.08E-02 

1320 = Average 
529 =St. Dev. ' 
40 =p/oRsD 

Calculated 
Beruene 
(rnolelL) 
0.00Et.00 . 
1.83804 
2.15E-04 
O.OOE+OO 
O.OOE+OO 
9.48E-04 

V4-N2 
Time PaA 

(Hours) (rnglL) 
0 2033 
72 1950 
168 1996 
21 6 2075 
360 2076 
504 1905 

log(P8A) d( P8A)ldt 
((rnolelL)/hr) 

-1.78E+OO 
-1.79E+OO 4.25E-06 
-1.79E+OO 1.80E-06 
-1.77E+OO -3.58E-06 
-I.77E+00 -9.74E-07 
-1.81 E+OO ' 2.09E-06 

1st order k Phenol 
hr(-1) (mg/L) 

17 
1.1E-04 12 
4.7E-05 8 
-4.1E-05. 48 
-2.5E-05 5 
5.6E-05 10 .  

Phenol 
(rnolell) 
1.83E-04 
1.23E-04 
8.76E-05 
5.1 1 E94  
O.OOE+OO 
1.06E-04 

p8A 
(rnolell) 
1.67E-02 
1.64E-02 
1.64E-02 
1.7OE-02 
1.70E-02 
1 S6E-02 

2006 = Average 
69 -5t. Dev. 
3 =O/oRSD 
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3PB Data 
A 
EA 
Cu Order 

V# 
temp$ 
3PB,ppm 
OH-, M 
CUI ppm 

Appendix H - Rate Expression. Development Data 

2.00E+10 
82.2 
0.4 

1 2 3 4 5 .  6 7 8 , 9 10 11 12 
40 40 40 40 7 0 -  70 70 ~ 70 55 5 5  25 2'5 

200 200 1800 1800 200  200 1800 1800 600 600 1800 600 
0.5 2.5 0.5 2.5 0.5 2.5 0.5 2.5 1.5 1.5 1.5 1.5 
0.1 10 10 0.1 10 0.1 0.1 10 1 1 0 0 

Time Measured 3PB concentration as a function of time in mg/L 
,O 231 204 1916 2023 210 210 1841 1950 721 722 1990 749 

' 42 231  204 1777 1977 59 200 1726 1264 705 719 1963 749 
137.25 230 197 1388 1896 21 181 906 358 633 699 1867 727 
305.5 207 161 918 1711 5 115 28.4 / 5 464 609 1765 673 

498.25 201 148 538 1598 5 88 7 5 304 598 1819 680 

Measured ratio of concentration to initial concentration CdCao 
0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

42 1.00 1.00 0.93 0.98 0.28 '0.95 0;94 0.65 0.98 1.00 0.99 1.00 
137.25 1.00 0.97 0.72 0.94 0.10 0.86 0.49 0.18 0.88 0.97 0.94 0.97 
305.5 0.90 0.79 0.48 0.85 0.02 0.55 0.02 0.00 0.64 0.84 0.89 0.90. 

498.25 I 0.87 0.73 0.28 .0.79 0.02 '0.42 0.00 0.00 0.42 0.83 0.91 0.91 . - 
Predicted ratio of concentration to initial concentration Cam/Cao 

0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
42 0.99 0.96 '0.96 0.99 0.50 0.90 0.90 0.50 0.93 0.93 1.00 1.00 

137.25 0.98 0.87 0.87 0.98 0.11 0.70 0.70 0.11 0:79 0.79 1.00 1.00 
305.5 0.95 0.73 -.0.73 0.95 0.01 0.45 '0.45 0.01 0.59 0.59 1.00 j.00 

498.25 0.92 0.60 0.60 0.92 0.00 0.28 0.28 0.00 0.42 0.42 1.00 1.00 
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2PB Data 
A 3.73E-f-11 
EA 82.1 
Cu Order 0.50 

WSRC-TR-97-0045, R e v .  0 

V # '  1 2 3 4 5 6 7 8 9 10 11  12 
temp,C 40 40 40 40 70 70 70 7 0  55 55 25 25 
2PblPPrn 150 150 1600 1600 150 150 1600 1600 500 500 2000 500 
OH-, M 0.5 2.5 0.5 2.5 0.5 2.5 0.5 2.5 1.5 1.5 . 1.5 1.5 
CUl PPm 0.1 10 10 0.1 10 0.1 0.1 1 0  1 1 0 0 

Measured 2PB concentration as a function of time in mg/L , 

Time 
0 139 152 1553 1598 156 154 -1562 1560 554 569 1612 559 

42.5 133 47 432 1103 5 5 139 56 266 219 1441 549 
135.5 112 5 37 705 5 5 5 5 127 85 1238 544 
183.5 117 5 5 488 5 5 5 5 98 71 1145 510 
303.5 115 ' 5  5 316 5 5 5 ,  5 78 47 973 530 
375.5 112 5 5 21.9 5 5 5 5 50 35 910 555 

Measured ratio of concentration to intial concentration Ca/Cao 
0 1.00 1.00 1.00 1-00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

42.5 0.96 0.31 0.28 -0.69 0.03 0.03 0.09 0.04 0.48 0.38 0.89 0.98 
135.5 0:81 0.03 0.02 0.44 0.03 0.03 0.00 0.00 0.23 0.15 0.77 0.97 I 

183.5 0.84 0.03 0.00 0.31 0.03 0.03 0.00 0.00 0.18 0.12 '0.71 0.91 
303.5 0.83 0.03 0.00 0.20 0.03 0.03 0.00 030 0.14 0.08 Or60 0.95 
375.5 0.81 0.03 0.00 0.14 0.03 0.03 0.00 0.00 0.09 0.06 0.56 0.99 

Predicted ratio of concentration to initial concentration CadCao 
0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

42.5 0.91 0.37 0.37 0.91 0.00 0.21 0.21 0.00 0.26 0.26 1.00 '1.00 
135.5 0.73 0.04 0.04 0.73 0.00' 0.01 0.01 0.00 0.01 0.01 1.00 1.00 
183.5 0.65 0.01 0.01 0.65 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 
303.5 0.49 0.00 0.00 0.49 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 
375.5 0.41 0.00 0.00 0.41 0.00 0.00 0.00 '0.00 0.00 0.00 1.00 1.0'0 

Page 47 



1 . .. 
- 48 WSRC-TR-97-0045, Rev. 0 

PBA Data 
A 4.09E-i-14 
EA 107.5 
OH Order 0.7 
Cu Order 0.9 

. .  

Experiment Series #1 for PBA Decomposition . 
V# 1 2 3 4 5 6 7 8 9 10 . l l  12 
temp 40 40 40 40 70 70 70 70 55 55 25 25 
PbalPPm 100 100 2000 2000 100 100 2000 2000 500 500 2000 500 
OH-, M 0.5 2.5 0.5 2.5 0.5 2.5 0.5 2.5 1.5 1.5 1.5 1.5 
CUI ppm 0.1 10 10 0.1 10 0.1 0.1 10 1 1 0 0 

Measured PBA concentration as a function of time in mg/L 
Time 

0 91 80 1583 1969 72 110 1545 2082 424 432 1742 423 
48 85 49 1286 1950 0 35 1500 568 350 350 1671 409 
168 79 0 .  833 1944 0 27 1538 554 328 347 1802 437 
236 77 0 765 1916 0 0 1460 519 280 305 1804 426 
304 78 0 663 1940 0 0 1475 474 272 286 1795 483 
348 79 0 653 1882 0 0 1344 438 229 263 1770 445 

Measured ratio of concentration to Mal concentration - CdCao 
0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1-00 
48 0.93 0.61 0.81 0.99 0.00 0.32 0.97 0.27 0.83 0.81 0.96: 0.97 
168 0.87 0.00 0.53 0.99 0.00 0.24 1.00 0.27 0.77 0.80 1.03 1.03 
236 0-85 0.00 0.48 0.97 0:OO 0.00 0.95 0.25 0.66' 0.71 1.04 1.01 
304 0.86 0.00 0.42 0.99 0.00 .O.OO 0.96 0.23 0.64 0.66 1.03 1.14 
348 0.86 0.00 0.41 0.96 0.00 0.00 0.87 0.21 0.54 0.61 1.02 1.05 

Predicted ratio of concentration to initial concentration - CadCao 
0 1.00 1.00 1.00 1.00 1.00 1.00 1-00 1.00 1-00 1.00 1.00 1.00 
48 1.00 0.71 0.90 0.99 0,02 0.82 0.94 0.00 0.82 0.82 1.00 1.00 
168 0.99 0.30 0.68 0.98 0.00 0.50 0.80 0.00 0.50 0.50 1.00 1.00 
236 0.99 0.19 0.58 0.97 0.00 0.38 0.73 0.00 0.38 0.38 1.00 7.00 

348 0.99 0.09 0.45 0.96 0.00' 0.24 0.63 0.00 0.24.0.24 1.00 1.00 
304 0.99 0.12 0.50 0.97 0.00 0.28 0.66 OiOO 0.29 0.29 1.00 1.00 
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Experiment Series #2 for PBA Decomposition 
V# 1 2 3 4 
temp 40 4-0 40 40 

OH-, M 0.5 2.5 0.5 2.5 
P h P P r n  100 100 2000 2000 

cu, PPm 0.1 10 10 ‘ 0.1 

Time Measured PBA concentration as a function of time in m g L  
0 120 128 2000 2033 

72 127 110 1505 1882 
168 127 87 1423 1996 ’ 

216 1A4 65 1405 2362 - 

360 142 0 1239 2076 
504 116 0 387 1905 

Measured ratio of concentration to intial concentration - CdCao 
0 1.00 1.00 1.00’ 1.00 

72 1.06 0.86 0.75 0.93 
168 1.06 0.68 0.71 0.98 
216 1.20 0.50 0.70 1.16 
360 1.18 0.00 0.62 1.02 
504 0.97 0.00 0.19 0.94 

Predicted ratio of concentration to initial concentration - Cam/Cao 
0 1.00 1.00 1.00 1.00 

72 1.00 0.60 0.85 0.99 
168 0.99 0.30 0.68 0.98 

360 0.99 0.08 0.44 0.96 
216 0.99 0.22 0.61 Oi98 

504 0.98 0.03 0.32 0.95 

d. 

\ 
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